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The Gulf of Guinea is an important region of tropical Atlantic variability, and embedded within
it are the Atlantic Ni~ no and the seasonal tropical instability waves. Although, the dynamics of
this region are accepted to modulate the monsoon system by the scientic community, it is still
debated what controls temperatures and the exact coupling mechanism with the atmosphere.
Here, I present the results of temperature advection, variability of the Equatorial Undercurrent
(EUC) in relation to atmospheric forcing, inuence of Gulf of Guinea sea surface temperature
(SST) to rainfall variability over West Africa and the Sahel, spatio-temporal variability of non-
seasonal ocean-atmosphere processes and the coupling of winds and SST. The central aim is to
understand how anomalous currents advect temperatures, and how anomalous oceanic temper-
atures respond to the atmosphere to cause coupled variability.
In order to understand the enigmatic inuence of temperature advection by tropical instability
waves (TIW), I examined the inuence of anomalous currents and temperatures associated with
the waves. Results show that TIWs advect temperatures zonally and warm the Gulf of Guinea
during the boreal summer, and at the central equatorial Atlantic, they advect temperatures to the
north. The EUC, represented by salinity maximum is investigated from four regions to cover the
northern, central and southern branches of the current. West of the Gulf of Guinea, anomalous
northward currents associated with TIWs destabilise the vertical positioning of the EUC core
during the boreal summer. In the Gulf of Guinea, where bathymetry, river discharge and winds
vary seasonally, vertical uctuations are apparent every three months and the shallowing of the
EUC aects the upper layer temperatures.
The Gulf of Guinea SST correlates well with variability of rainfall over West Africa and the Sa-
hel, where cold (warm) temperatures in 2005 (2007) explained the causes of drought (ooding)
that occurred in those years respectively. Strongest intraseasonal SST variability is observed at
the Guinea Dome and the Gulf of Guinea region and both occur due to seasonally varying north-
easterlies and southeasterlies. However, north of 18N, zonal tropospheric winds associated with
Madden-Julian Oscillation appear to alter the changes on surface winds. This connection be-
tween surface and atmospheric winds explains the inability of the winds to covary interannually
with SST at the TIWs frontal zones. Investigations presented in this thesis increase our under-
standing of tropical Atlantic variability and results therein are useful as background conditions
for coupled ocean-atmosphere models.Contents
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General Introduction
1.1 Introduction
The Gulf of Guinea is an important region in the tropical Atlantic by virtue of
its geographical position with a closed boundary to the east and north and an
open South Atlantic Ocean to the south. It provides the main oceanic connec-
tion between the South Atlantic Ocean and the southeast trade winds with the
climate of West Africa and the Sahel. This facilitates the impact of oceanic forc-
ings onto the land via the atmosphere as a result of temperature gradient be-
tween ocean and land. The oceans and atmosphere also responds to each other
in a fundamentally dierent manner. While the oceans respond to atmospheric
temperatures, humidity, solar heat ux, wind and aerosols, the atmosphere only
responds to ocean surface temperature eld. These coupled interactions control
heat and water vapor uxes at the ocean-atmosphere interface that consequen-
tially aects the climate.
The current system in the Gulf of Guinea comprises surface currents such as
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South Equatorial Currents (westward), Guinea Current (eastward) and the An-
gola Current (southward). The eastward undercurrents are the Equatorial Un-
dercurrent (EUC) and the southward current is Gabon-Congo Undercurrent,
while the westward undercurrent is the Guinea Undercurrent (GUC) (Figure
1.1). The Antarctic Intermediate Water (AAIW) also crosses the region towards
the north at approximately 630m depth. These currents are driven by the global
thermohaline circulation (THC), Ekman pumping velocity and by changes in
local water properties due to inux of fresh water (Chang et al., 2006)
In response to the strengthening of the southeasterly trade winds, a cold tongue
develops at the southeastern part of tropical Atlantic during the boreal summer.
The cold tongue is a band of conspicuous cold surface waters that emerges in
the southeastern tropical Atlantic and Pacic that extends across the equator
having a width of about 1000km. The cold tongue is fully developed in July of
each year in the Atlantic (Figure 1.2) and it is associated with tropical instabil-
ity waves (Xie and Carton, 2004).
Tropical instability waves (TIWs) are perturbations in the SST fronts charac-
terised by undulations in the north and south sea surface temperature (SST)
fronts marking the cold tongue (Legeckis, 1977; Weisberg and Weingartner,
1988). They produce SST variations on the order of 1-2C, have periods of 20-40
days, wavelengths of 1000-2000km, phase speeds of around 0.5m/s and propa-
gate westward (Contreras, 2002; Legeckis, 1977; Qiao and Weisberg, 1995; Weis-
berg and Weingartner, 1988). These waves are unique in the Pacic and At-
lantic oceans and do not occur in the Indian Ocean. They are known to de-
velop as a result of shear instability of equatorial current system (Philander
and Pacanowski, 1986), and can inuence the state of the tropical climate by
modifying the mixed layer (An, 2008; Jochum and Murtugudde, 2004; Seo et al.,
2006). The waves are best observed from satellite sea surface temperature. How-
ever, they have also been documented from satellite chlorophyll and mooring
measurements in both oceans. Associated with these waves are tropical insta-
bility vortices (TIVs), which are a train of westward propagating cyclones (Wil-
lett et al., 2006). These waves are associated with El Ni~ no Southern OscillationChapter 1. General Introduction 3
(ENSO) (Yu and Liu, 2003) and can inuence Rossby Waves (Lawrence and An-
gell, 2000). Both TIWs and TIVs are important elements of ocean heat budget
and ocean-atmosphere coupling and therefore can modulate climate.
Figure 1.1. A schematic representation of the major current system in the
tropical Atlantic. The currents illustrated are in thick lines, subsurface cur-
rents are dashed red: The surface currents are the North Equatorial Current
(NEC), Canary Current (CC), North Equatorial Counter current (NECC),
northern South Equatorial Current (nSEC), Guinea Current (GC), North
Brazil Current (NBC), Brazil Current (BC), southern South Equatorial Cur-
rent (sSEC), Angola Current (AC), Benguela Current (BC) and the Angola
Benguela front (ABF). The undercurrents are the North Brazil Undercurrent
(NBUC), North Equatorial Undercurrent (NEUC), Equatorial Undercur-
rent (EUC), South Equatorial Undercurrent (SEUC), Guinea Undercurrent
(GUC) and Gabon-Congo Undercurrent (GCUC). The shading of NBC is
shown around 52W, 3N. These currents are modied from Schouten et al.
(2005). The Guinea Dome region, countries, Islands and their boundaries in
the region are also illustrated.
The wind-driven Ekman layer varies seasonally, and tropical instability waves
(TIWs) appear in June after the cold tongue develops north of the equator. The
low-frequency coupling of the ocean and atmosphere at the SST frontal region
of TIWs can inuence interannual variations in the atmosphere (Wu and Bow-
man, 2007a,b). Equatorial Kelvin waves bring sub-thermocline waters to theChapter 1. General Introduction 4
Figure 1.2. A snapshot of sea surface temperature of the study area from 3-day
(2-4 July 2009) averaged TMI SST data. The cold tongue spreads from the
southeast around 12E/15S into the centre of the basin with temperatures
less than 22C. Tropical instability waves (TIWs) show stronger signatures
north of the equator between 0-6N than the south.
near surface, where the thermocline is already shallow. At the same time, fresh-
ening from river runo and upwelling changes the density structure considerably.
The Atlantic Ni~ no, also called the equatorial mode, is located in the Gulf of
Guinea. It is a phenomenon analogous to the Pacic El Ni~ no, characterised by
irregular episodes of anomalous warming during the boreal summer (Chang
et al., 2006). The Atlantic Ni~ no is an active determinant of tropical Atlantic
climate variability through ocean-atmosphere uxes as well as the regions con-
nection to the Pacic El Ni~ no. It intensies atmospheric convection near the
equator and keeps the rain band from advancing into the Sahel while increas-
ing rainfall at the Gulf of Guinea (Giannini et al., 2003). The Atlantic Ni~ no is
weaker than the Pacic El Ni~ no. While the Atlantic Ni~ no occurs every summer,
the Pacic counterpart occurs only once or twice in a decade and in December.
Quite recently, Okumura and Xie (2006) discovered a phenomenon similar to theChapter 1. General Introduction 5
Atlantic Ni~ no but only exist in November-December months called the Atlantic
Ni~ no II.
The atmospheric circulation of the region is inuence by southeast and north-
east trade winds that converge at the Intertropical Convergence Zone (ITCZ).
The southeast trade winds are a part of the large-scale monsoon circulation that
drive precipitation over West Africa and the southern Sahel. Rainfall is impor-
tant to the societies of this region both in terms of health and livelihoods. This
justies signicantly the economic and scientic interest in understanding the
climate variability of these areas and the knowledge of which could essentially
lead to prediction of specic climate parameters.
In a nutshell, this thesis examines the role of SST, currents and winds against
the backdrop of bathymetry and topography to answer long-standing questions
that aect the West African climate.
1.2 Thesis aim and objectives
This thesis aims at investigating ocean circulation within the Gulf of Guinea
and its possible eect on atmospheric circulation that consequentially aect
land. The objectives are broken down into ve: 1) To investigate the scales of
contribution of TIWs to horizontal temperature advection and study whether
they warm the Gulf of Guinea region. 2) To examine the connection between
the shallowing of the EUC and the local winds in modulating oceanic circula-
tion of the region. 3) To nd out whether Gulf of Guinea SST has any inu-
ence on West African and Sahel rainfall anomalies and consider possible remote
forcing from adjacent oceans and seas. 4) To study the scales and propagation
characteristics of oceanic and atmospheric processes. 5) To investigate ocean-
atmosphere coupling and high frequency variability.Chapter 1. General Introduction 6
1.3 Motivation
The motivations of this thesis are the driving questions that still remain unan-
swered. It is known that horizontal temperature advection plays a fundamental
role in the equatorial heat transport (Deser et al., 2010; DeWitt and Schneider,
1999). It is also known that horizontal temperature advection at the SST fronts
of TIWs is so large (Jochum and Murtugudde, 2006), that ocean simulations
that fail to model them are unable to address tropical intraseasonal variabil-
ity and other extreme events because their forecast capability would be reduced
(Deser et al., 2006; Jochum et al., 2007; Lin et al., 2006). This thesis addresses
the questions:
What are the scales of contributions of TIWs to horizontal temperature ad-
vection?
Do the TIWs warm the Gulf of Guinea region?
The depth of the tropical thermocline can vary seasonally from approximately
10-60m in the Gulf of Guinea (McGlade et al., 2002). The EUC shallows in the
east and ows both north and south to feed the Guinea and Garbon-Congo un-
dercurrents respectively. Precipitation is generally much larger than evapora-
tion and strong but short-lived winds occur occasionally (Allersma and Tilmans,
1993). This thesis will examine:
Is the EUC shallowing in the Gulf of Guinea linked to the strengthening of
the seasonal winds?
Does the EUC vary seasonally at any of its branches?
The Gulf of Guinea SST controls the moisture convergence of the monsoons
(Fontaine et al., 2003), and due to its annual cycle, it determines rainfall vari-
ability over West Africa (Okumura and Xie, 2004). The forcing mechanism re-
sponsible for a wetter Sahel is, however, not connected to warming in the Gulf of
Guinea (Cook and Vizy, 2006) . The general circulation models have dicultyChapter 1. General Introduction 7
explaining the dry conditions of the Sahel (Vizy and Cook, 2001). This thesis
tackles two of these points:
Is there any inuence of the Gulf of Guinea SST on West Africa and Sahel
rainfall anomalies?
Is there any remote forcing that controls the moisture convergence over
West Africa and the Sahel rather than the Gulf of Guinea SST?
The ocean-atmosphere interaction in the tropical Atlantic is a complex one. It
comprises of seasonal winds from opposite directions, asymmetric ITCZ, cold
tongue complex, projected continents of Africa and South America and north-
ward positioning of a thermal equator. The location of the strongest SST signa-
ture of TIW0s only north of the equator adds to this complexity. The surface
currents of TIW's ocean fronts produce a relative motion between the ocean
and the atmosphere, acting to change the surface stress, thus aecting the at-
mosphere as well as feeding back to the ocean (Cornillon and Park, 2001; Kelly
et al., 2001). The SST frontal zones of these waves are areas with the strongest
wind stress divergence at a mesoscale level (Chelton et al., 2004). The related
questions addressed herein are:
What are the scales and propagation characteristics of non-seasonal vari-
ability?
Are non-seasonal variability in the tropical Atlantic a part of the TIWs?
Are 5-20day oscillations in the tropical Atlantic related to the TIWs?
1.4 Thesis Structure
This thesis comprises of eight chapters, with the major contributions to science
discussed in four major chapters (chapters 4-8). To the extent possible, each
chapter is documented independently as a self-contained unit without the need
to refer to other chapters. The structure of the thesis is as follows:Chapter 1. General Introduction 8
In Chapter 1, a general overview to set the work in context is highlighted and
the aim and objectives and motivation of the thesis are briey outlined.
In Chapter 2, the scientic background knowledge of the region, which in-
cludes the physical setting, oceanic and atmospheric circulation as well as cli-
mate indices of the region is discussed.
In Chapter 3, the types of data used, quality control procedures applied, spa-
tial and temporal resolutions, applications and sources of data are discussed.
In Chapter 4, the contribution of horizontal temperature advection by ocean
currents is examined. The relative contribution of each term of horizontal advec-
tion is presented, and their anomalies due to mean or anomalous currents due to
TIWs is studied and fully documented.
In Chapter 5, the seasonal variability of the equatorial undercurrent and its
connection with seasonal winds is studied. Density variations due to shallowing
of salty equatorial undercurrent, freshwater input from rivers, shallow bathymetry
and seasonal winds are investigated. The possible impact of current anomalies
due to these dynamics to oshore oil installations is discussed.
In Chapter 6, the impact of sea surface temperature on rainfall and its connec-
tion with other large-scale climate indices is described. Potential ndings on the
inuence of SST to coastal ooding and the extent of such impact into the Sahel
are highlighted.
In Chapter 7, the spatial and temporal variability of oceanic and atmospheric
signals are investigated and their propagating characteristics are determined
based on complex signal analysis. Their potential impacts on climate are dis-
cussed.
In Chapter 8, the ocean-atmosphere interaction processes are examined in
their broader spatial and temporal context, and important characteristics ofChapter 1. General Introduction 9
variability are quantied based on their scales of interaction. The leading hy-
potheses for the variability are discussed and examined in the light of new in-
sights into the scales of variability.
In Chapter 9, conclusions of the thesis are drawn by highlighting the main
ndings and their signicance, as well as proering suggestions on future work.
Processing, All data processing has been done in MatLab, except for the inter-
polation of satellite data for which windows command is used. The interpolation
was done with the help of DInEOF tool provided by (Alvera-Azc arate et al.,
2005), which is available at their homepage. Wavelet analysis software has been
provided by A. Grinsted, which is available . Some maps were produced using
M Map, which is available to download online at http://www.eos.ubc.ca/ rich/map.html.CHAPTER 2
Overview
2.1 Introduction
The oceanic and atmospheric dynamics in the Gulf of Guinea are fully con-
nected with those in the tropical Atlantic as well as large-scale processes. The
shape of the bathymetry modulates the current systems, and the undulating oro-
graphic features aect the wind system and precipitation over land. The merid-
ional shifting of the ITCZ, the monsoon dynamics and the local climates related
to rainfall are interwoven. In order to fully understand the nature of this region,
each system is treated individually considering their relative contributions to
climate. This chapter provides background information of oceanic heat budget.
The study area is highlighted by focusing on bathymetry and topography, the
local climate system, ocean circulation pattern, atmospheric circulation pattern
and the climate indices based in the region and beyond.
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2.2 Heat budget of the ocean
The knowledge of heat budget in the oceans is fundamental to our understand-
ing of the climate system. The ocean0s role in the climate system is paramount
due to its capacity to store large amounts of heat. Approximately 3.5m of near-
surface water column contains as much heat as the entire atmospheric column
(Deser et al., 2010). This heat is transported by currents across the oceans thereby
regulating the heat budget. Air-sea interaction processes on localised surface
temperatures then act to maintain or vary local or regional climates through
convective processes.
The oceanic heat content is the major source of energy needed to drive atmo-
spheric circulation. Changes in the upper ocean heat content are due to an im-
balance of input and output of heat at the surface. This adjusts the density
structure of the ocean at the near surface. The total ux of energy into and out
of the global ocean must be equal to zero, otherwise the ocean as a whole will
either heat up or cold down. The sum of heat energy in and out of a volume of
water is the heat budget (Stewart, 2004).
Sea surface temperature is inuenced by both oceanic and atmospheric processes
at various temporal and spatial scales. On the atmospheric side, air tempera-
ture, wind speed, cloudiness and humidity are the dominant factors regulating
heat exchange at the sea surface (Deser et al., 2010). The major terms of the
upper-ocean mixed layer heat budget are:
T
t
=
Qnet
CpH
+ (
*
Ugeo +
*
Uek):
*
rT +
(We + Wek)(T   Tb)
H
; (2.1)
where Qnet is the net surface energy ux,  is the density of sea water, Cp is
the specic heat capacity of sea water, H is the mixed layer depth,
*
Ugeo is the
geostrophic current velocity,
*
Uek is the Ekman current velocity,
*
rT is the spa-
tial gradient operator, We is the vertical entrainment rate, Wek is the Ekman
pumping velocity, T is the mixed layer temperature and Tb is the temperature ofChapter 2. Overview 13
the water depth that is entrained into the mixed layer. Surface heat ux (Qnet)
is dened as:
Qnet = Qsh + Qlh + Qsw + Qlw; (2.2)
where Qsh is the sensible heat ux, Qlhis the latent heat ux, Qswis the down-
ward solar radiative ux minus the portion that penetrates through the mixed
layer, and Qlw is the longwave radiative ux. The turbulent energy ux ( Qsh +
Qlh ) is linearly proportional to the wind speed and the air-sea temperature or
humidity dierence (Deser et al., 2010). This is based on the bulk parameti-
sation coecients at a threshold of 10m-height and wind speed above 5ms 1
(Liu et al., 1979; Smith, 1988). The radiative uxes ( Qsw + Qlw) are func-
tions of air temperature, humidity and cloudiness. Ekman and geostrophic cur-
rents contribute to the mixed layer heat budget through horizontal advection,
whereas entrainment and Ekman pumping alter the SST through vertical advec-
tion (Deser et al., 2010). Details of heat budget terms for the sea surface can be
found in Stewart (2004).
2.3 Bathymetry and Topography
The bathymetry of the region show both narrow and deep continental shelves
(gure 2.1a). In the Gulf of Guinea it is quite narrow, and shelf widths are 20-
25km along the coast from C^ ote d0Ivoire to Cameroon, and around the Niger
Delta where it has a width of 50-56km (Allersma and Tilmans, 1993).The conti-
nental shelf o Sierra Leone - Guinea is the largest in West Africa, especially o
Guinea-Bissau covering approximately 53,000 km
2 and up to 150km wide. The
shallow continental shelf is extended to Islands of S~ ao Tom e and Pr ncipe, Cape
Verde and Canary (gure 1.1). The Mid-Atlantic Ridge is closer to the African
continent at about 8 degrees of latitude.Chapter 2. Overview 14
Figure 2.1. The bathymetry and topography of the study
area. a) The bathymetry showing continental shelf. The
boxes represent the Gulf of Guinea region (7S-7N, 10W-
14E), the West African climate boundary (3-12N, 18W-
16E) and the Sahel region (12-25N, 18W-16E). b) The
topography of West Africa and the Sahel showing mountain
reliefs. Data used is Etop02v2.
The boxes shown (gure 2.1a) represent areas that are particularly considered in
this study. The southernmost box is the Gulf of Guinea area (7S-7N , 10W-
14E), the middle is the West African climate boundary (3-12N, 18W-16E)
which has distinct rainfall characteristics compared to the area north of it, and
the northernmost box is the Sahel region (12-25N, 18W-16E).Chapter 2. Overview 15
The topography of West Africa and the Sahel (gure 2.1b) features mountain
ranges. These are Freetown Peninsula Mountains, Ahaggar Mountains, Jos High-
lands and Cameroon Highlands. These rise to various heights above sea level.
Ahaggar rises to 1550m, Cameroon Highlands to 1450m, Freetown Peninsula
Mountains to 1200m and Jos Highlands to 110m. Data used are Etop02v2 grid-
ded bathymetry and topography.
2.4 Climate
2.4.1 Wind regimes
The wind systems of the tropical Atlantic Ocean are mainly a combination of
southeasterly and northeasterly winds that vary at a seasonal time scale. Wind
vectors derived from QuikScat scatterometer data (gure 2.2) show the conver-
gence zone during boreal winter and summer. The southeasterlies are the West
African Monsoon (WAM) wind system that conveys moisture over the continent
(gure 2.2). The strengthening of WAM is associated with the annual migra-
tion of Intertropical Convergence Zone (ITCZ). This leads to a strong dynamic
response in the ocean during boreal spring, that aects currents and heat trans-
port. The cross-equatorial ow at the western boundary accelerates, leading to
i) an intensication of the North Brazil Current (NBC gure 1.1) and a growing
extension of its retroection, ii) the North Equatorial Countercurrent (NECC)
develops at the western boundary part carrying retroected NBC into the inte-
rior (eastward), iii) Ekman transport from the tropics and subtropics reaches its
seasonal maximum and the excess upper ocean waters are stored in the NECC
ridge at 3-5N (Schott et al., 2003). At this point, the Equatorial Undercurrent
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2.4.2 The Intertropical Convergence Zone
The Intertropical Convergence Zone (ITCZ) is the band where the southeast-
erly and northeasterly winds converge. This climatic band shifts between 5S
and 12N asymmetrically, and this shifting depends on the seasonal variations
of wind and sea surface temperature gradient. The sea surface temperature in-
uences the ITCZ through uctuations in the meridional tropical Atlantic SST
gradient. Such changes shift the ITCZ to the warmer hemisphere, aecting rain-
fall in the colder hemisphere (Nobre and Shukla, 1996). Generally, when the
ITCZ is south of the equator during the boreal winter (gure 2.2) there is abun-
dant rainfall over South America especially at the Amazon. During the boreal
summer, the ITCZ shifts northward, taking moisture-laden winds northward and
heavy rains over West Africa and the southern Sahel.
It has been suggested that an anomalously warm tropical north Atlantic has
contributed to the Amazon drought in 2005 (Marengo, 2006). The ITCZ is char-
acterized by a low-pressure trough, maximum precipitation and maximum in
regional SST distribution (Schott et al., 2003). The reason for this behaviour of
the ITCZ is due to complex interactions of SST, convection and surface winds.
It was emphasized (Mitchell and Wallace, 1992) that the second harmonic of
the semi-annual cycle in the pattern of ITCZ dominates seasonal variability, and
that this behaviour lies in the atmosphere-ocean system. This is through the
variations of insolation in the presence of north-south asymmetry of the distri-
bution of land masses around the equator, particularly at the eastern boundary
where the winds are stronger. The seasonal pattern of the ITCZ varies from year
to year, and this accounts for the tropical Atlantic variability. A strong link ex-
ists between anomalies in the ITCZ position and the anomalies in SST within
the tropical Atlantic basin (Giannini et al., 2003).Chapter 2. Overview 17
Figure 2.2. The wind speed and direction vectors are shown,
a) boreal winter, b) boreal summer. The mean position of
the marine ITCZ is shown for each season. The data are
from QuikScat scatterometer 10-metre winds for 2009.
2.4.3 The West African Monsoon
Monsoon systems are the seasonal changes of atmospheric circulation and pre-
cipitation associated with dierential heating of land, ocean and atmosphere.
The West African Monsoon (WAM) is characterized by the combination of dif-
ferent thermal and dynamical factors that contribute to the intensity, location
and duration of the seasonal rainfall (Chauvin et al., 2010). In the past, theChapter 2. Overview 18
variability of WAM has been investigated at interannual time scales and in re-
lation to global SSTs (Fontaine and Janicot, 1996; Giannini et al., 2003). The
WAM is inhibited by ENSO (Folland et al., 1986), connected with the merid-
ional march of ITCZ (Janicot, 1992) and with the Mediterranean SST through
the Sahel (Rowell, 2003)
Intense rainfall appears over the Gulf of Guinea from April, moves to the lati-
tude of about 10N, and then retreats back to the south mid-SeptemberOctober,
mirroring the seasonal march of the ITCZ. There are two maxima: May-June
and October-November. The May-June maximum is associated with the warm-
ing of the east Atlantic SST and meridional SST gradient (Gu and Adler, 2004).
The October-November maximum does not extend beyond the coast of the gulf.
In the eastern Gulf of Guinea, however, the monsoon climate leads to one long
rainy period (Allersma and Tilmans, 1993). Cameroon has the highest rainfall
with about 11,000mm per year, and this is due to orographic eects of the im-
posing volcano and the perpendicular orientation of the coast to the main con-
vection coming from the sea. An average rainfall of 1500mm per year is recorded
at the tropical rainforests of C^ ote d0Ivoire, Ghana and Benin (see gure 1.1 for
countries in the region).
2.5 Ocean Circulation
The interest in understanding ocean current systems around the Gulf of Guinea
and their interaction with atmospheric elds permits me to investigate their
sources as well as their control mechanisms. These currents are a part of the
global thermohaline circulation and originate from other major current systems
from both hemispheres, which are then modulated, in addition by wind stress.
These are important as they transport heat and salt to other regions and also
couple with the atmosphere to drive heat and moisture. I attempt to investigate
these currents from the existing literature as a prelude to knowing their inter-
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the tropical Atlantic are made up of both surface and sub-surface currents that
originate mostly from the south. Those that aect the region most are located
within the latitude band of 10 (Figure 1.1), and are additionally highlighted
in the next subsections.
The Western Boundary Current (WBC) in the equatorial Atlantic comprises
the Deep Western Boundary Current (DWBC) at a depth of between 1300-
2000m and the North Brazil Current (NBC) (Eden and Dengler, 2008; Fischer
and Schott, 1997). The DWBC is a major component of the global thermoha-
line circulation as well as inter-hemispheric water mass exchange balancing the
temperature and salinity between the northern and the southern parts of the At-
lantic. It comprises the oxygen rich, warm and saline North Atlantic Deep Wa-
ter (NADW) between 1200m to 4000m owing southward and the near bottom
ow of Antarctic Bottom Water (AABW) carrying water mass into the northern
hemisphere (Rhein et al., 1995). Below 4000m, all of the Atlantic Ocean is oc-
cupied by AABW formed in the eastern south Pacic, then spreading from the
Antarctic Circumpolar Current (ACC) and penetrating both east and west of
the Mid-Atlantic Ridge to the north (Tomczak and Godfrey, 2003).
The Antarctic Intermediate Waters (AAIW) occurs as a result of water mass
conversion in the Southern Ocean. It ows northward at the southern basin
along the Brazilian coast and in the same northward direction as the North
Brazil Undercurrent (NBUC). A comprehensive survey was conducted between
Oct 1990 and November 1992 to determine the fate of water masses at the west-
ern tropical Atlantic using various instrumentation (Rhein et al., 1995). Instru-
ments used include the lowered-ADCP (LADCP), Expendable BathyThermo-
graphs (XBTs), vessel mounted Acoustic Doppler Current Proler (ADCP), Pe-
gasus and Conductivity Temperature Depth (CTD). The NBUC shows a sub-
surface core at about 200m depth with velocities of up to 0.9ms 1, resulting in
strong transports with more than 22Sv in the upper 1000m in the latitude range
of 5S-10N (Stramma et al., 1995). NBUC continues its northward ow and
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Equatorial Undercurrent (SEUC), the Equatorial Undercurrent (EUC) as well as
the North Equatorial Undercurrent (NEUC) (Siedler et al., 2001).
The surface South Equatorial Current (SEC) splits into two branches around
8S near the coast of Brazil, forming the southward owing Brazil Current (BC)
and the northward owing NBC (Schouten et al., 2005; Stramma et al., 1995).
The NBC extends to the north, forming the Guyana Current. In this study, I
am only concerned with the NBC and its retroection around 5N due its inu-
ence on the equatorial dynamics. The NBUC is also important for its contribu-
tion to the subsurface eastward ow around the equator.
The NBC continues to ow northward and then retroects around 4N and feeds
the eastward owing North Equatorial Countercurrent (NECC). The retroec-
tion depends on the season (Schouten et al., 2005) and contributes to the ow
of NECC in addition to the NEC (North Equatorial Current) (Siedler et al.,
2001). At the equator, the Equatorial Undercurrent (EUC) usually overlies the
EIC (Equatorial Intermediate Current - a westward owing current) bounded by
eastward currents, NEUC at 4N and the SEUC at 3-4S. Vertical and lateral
ows of the EIC is quite varying especially on seasonal basis.
The NEUC and the SEUC do not have a clear distinguishable separation with
the NECC and the EUC respectively. Detailed analysis of water mass charac-
teristics by various authors e.g. Schott et al. (2003) and Stramma et al. (1995)
show that the EUC, the SEUC and the NEUC derive their sources from the
NBUC. The NEUC had some contributions from the northern hemisphere and
is seasonally dependent.
Strong zonal currents characterize the near surface circulation in the equato-
rial Atlantic. The EUC is the strongest and on either north or south of it is the
SEC, with speeds exceeding 1ms 1 (Kelly et al., 1995). The opposite moving
currents produce shears, which may produce barotropic instabilities in the equa-
torial ow. Instability waves have been observed around the equator and it is
widely believed that they occur as a result of barotropic instability between SEC
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The Gulf of Guinea is characterized by both eastward and westward currents
and undercurrents of various magnitudes. The eastward owing Guinea Cur-
rent ows along the West African coast at approximately 3N. It has two main
sources, the North Equatorial Counter Current (NECC) and the Canary Cur-
rent. Beneath the Guinea Current is the westward owing Guinea Undercurrent
(GUC), which was previously called the Ivorian Undercurrent (IUC).
In a study of Sea Surface Slope Anomaly (SSSA) along the Atlantic equator
(Provost et al., 2004) the magnitude of both zonal and meridional local wind
components was found to increase at the beginning of May. Almost immediately,
the westward surface ow intensies and the EUC core deepens from about 60m
to reach 100m depth in mid-September. After a brief intermediate state where
the EUC core velocity weakens, it intensies again but ends up only slightly
faster in the fall than in the spring. The June to December period of strong
winds also corresponds to a deepening of the thermocline. The depth of the
thermocline uctuates between 40-80m depth, depending on the region and sea-
son.
Biweekly oscillations of variability were observed (Bunge et al., 2007) from ADCP
measurements at 10W and 23W along the equator which were present exclu-
sively on the meridional component. This showed a clear upward phase propa-
gation and downward energy radiation, suggesting a rst mode mixed Rossby-
gravity (Yanai) wave. Yanai waves propagates eastwards even though their wave
crests and troughs are westward. Observations from all the oceans indicate that
the waves have a preferential period and wavelength of around 25 days and 1000
km respectively (Kelly et al., 1995).
2.6 Atmospheric Circulation
Atmospheric circulation refers to large-scale movement of air that, together with
small-scale ocean circulation distributes thermal energy on the earth0s surface.
The major form of large-scale circulation that a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Atlantic is the El Ni~ no Southern Oscillation (ENSO). The Pacic SST anomalies
are connected with the Atlantic anomalies (Colberg et al., 2004; Hu and Huang,
2007), but the Pacic anomalies come earlier. This shows a connection between
the two oceans via heat and moisture uxes. The ENSO has also been found to
modulate rainfall over West Africa (Janicot et al., 2001; Rowell, 2001) remotely.
With the monsoon occurring in boreal summer and ENSO in late autumn, Joly
and Voldoire (2010) suggested that either the developing phase of ENSO or the
decay of some long-lasting La Ni~ na might explain the reason for the ENSO inu-
ence on the monsoon.
The Quasi-biennial Oscillation (QBO) is the quasi-periodic oscillation of the
equatorial winds. This occurs within the tropical stratosphere above the equator
with a mean period of 28-29 months and has been observed since the 1950s from
climatological records. The alternating winds develop from the top of the lower
troposphere and descend downwards at about 1km per month. These oscilla-
tions modulate monsoonal precipitation. A number of authors have suggested
that the QBO is an integral part of the ENSO having an oscillatory behaviour
that represents amplication and deamplication of the annual cycle (Gutzler
and Harrison, 1987).
Another important large-scale variability associated with the climate of the re-
gion is the Madden-Julian-Oscillation (MJO). The MJO is the dominant mode
of global intraseasonal variability in the tropics (Madden and Julian, 1994). It
is characterized by the eastward propagation of regions of enhanced and sup-
pressed tropical rainfall, primarily over the Indian and Pacic regions. However,
the exact mechanism behind the eastward and northward propagation of the
MJO convective anomalies is still open to debate. This mode has remote inu-
ence on West African monsoon region by modulating winds, precipitation and
African Easterly Wave (AEW) activity (Matthews, 2004).Chapter 2. Overview 23
Figure 2.3. Locations of boxes representing regional climate
indices of the tropical Atlantic. These include the Atlantic
Meridional Mode Index (AMMI=TNA-TSA), Atlantic
Ni~ no (ATL3), Atlantic Ni~ no II (ATL II) and Benguela
Ni~ no (BN). Respective time series of these are shown in
gure 2.4. The background colour is the annual mean sea
surface temperature for 2009 from TMI SST data.
2.7 Climate Indices
The equatorial Atlantic Ocean is characterised by four major variability modes.
These include the Atlantic Meridional Mode Index (AMMI), the Atlantic Ni~ no,
the Atlantic Ni~ no II and the Benguela Ni~ no. All these lie within the tropical
band bounded by the tropics of Capricorn and Cancer as shown in gure 2.3.
The region is also inuenced by large-scale ENSO dynamics and the tropospheric
forcings of Quasi-Biennial Oscillation (QBO).
2.7.1 Atlantic Meridional Mode Index
The Atlantic Meridional Mode Index (AMMI) is the SST anomalies of (5-15N,
50-20W) - (5-15S, 20W-10E) (see gure 2.3). The AMMI is connected withChapter 2. Overview 24
Figure 2.4. Monthly time series of regional climate indices of the tropical At-
lantic produced from SST anomalies bounded by the regions shown in gure
2.3. These include the Atlantic Meridional Mode Index (AMMI)[5-15N,
50-20W]-[5-15S, 20W-10E], Atlantic Ni~ no (ATL3) [20W-0, 3S-3N],
Atlantic Ni~ no II (ATL II)[5-15W, 3S-3N] and Benguela Ni~ no (BN)[8E-
14E, 10S-20S]. The data are from NOAA Climate Prediction Centre.
the large-scale atmospheric wind patterns and the seasonal migration of the
ITCZ. It involves a positive feedback between surface winds, evaporation and
SST, the so-called Wind-Evaporation-SST-feedback (WES-feedback) (Vimont
and Kossin, 2007), and its dynamics are connected with the Atlantic hurricane
tracks (Vimont and Kossin, 2007; Xie et al., 2005). The positive mode means
warmer north, and more rainfall over West Africa and southern Sahel, and the
reverse is the case in south and over South America. The AMMI index is shown
in gure 2.4.Chapter 2. Overview 25
2.7.2 The Atlantic Ni~ no
The Atlantic Ni~ no is similar to that of the Pacic but weaker in amplitude and
spatial scale. It comprises of warm SST, relaxed trade winds and shifts in con-
vection during summer (Merle, 1980). The index is created from SST anomalies
at (20W-0, 3S-3N). The Atlantic Ni~ no is similar to the Pacic Ni~ no but oc-
curs the following year, suggesting that they are connected (Bakun, 1996). The
Atlantic Ni~ no is situated in the Gulf of Guinea, a region where warmer SSTs in-
creases the potential of rainfall in West Africa through convection. Its variability
is shown as an index (AMMI) in Figure 2.4.
2.7.3 The Atlantic Ni~ no II
The Atlantic Ni~ no II is an equatorial mode similar to the Atlantic Ni~ no but oc-
curs only in November-December period. It was found to be statistically inde-
pendent from both the Pacic and Atlantic Ni~ no (Okumura and Xie, 2006),
with characteristics that have previously being ignored. The Atlantic Ni~ no II
is dened as the SST anomalies in the equatorial Atlantic centred at (5-15W,
3S-3N). This mode aects rainfall at interannual scale in the coastal area of
Congo-Angola during the early raining season of the next March-April period
(Okumura and Xie, 2006).
2.7.4 The Benguela Ni~ no
The Benguela Ni~ no is an intermittent, acute and extremely warm event near the
border between the southward owing Angola Current and Benguela upwelling
system o southwestern Africa (Shannon et al., 1986). Analogous to the Pacic,
the warm phase is called Benguela Ni~ no and the cold phase Benguela Ni~ na. The
Benguela Ni~ no Index is generated from SST anomalies in the region bounded by
(8E-14E, 10S-20S). Although, it occurred only a few times (1934, 1949, 1963,Chapter 2. Overview 26
Figure 2.5. Regions used to calculate Pacic El Ni~ no indices that include Ni~ no
1+2, 3, 3.4 and 4.
1984 and 1995), it can drastically aect sheries (Gammelsrd et al., 1998) and
induce signicant rainfall anomalies (Rouault et al., 2003a).
2.8 Large-scale global climate indices
The El Ni~ no Southern Oscillation (ENSO) is the most important coupled ocean-
atmosphere phenomenon that aects the global climate at interannual time
scales. ENSO is the general name that encompasses both the warm ENSO phase
(El Ni~ no) and the cold phase (La Ni~ na). The ENSO is studied from SST anoma-
lies in the Pacic Ocean and also from atmospheric measurements to determine
climate variability. Pacic ENSO indices that are calculated from SST anoma-
lies include Ni~ no1+2, Ni~ no3, Ni~ no3.4 and Ni~ no4 and covers the regions shown in
gure 2.5. These indices are shown from 30-year time series in gure 2.6.
Other ENSO indices that are important to the large-scale global climate are
the Southern Oscillation Index (SOI) and the Multivariate ENSO Index (MEI).
These indices are shown in gure 2.7. Southern Oscillation (SO) is the atmo-
spheric component of El Ni~ no, which is an oscillation of surface air pressure be-
tween tropical eastern and the western Pacic Ocean waters. The SOI is the
normalised monthly-mean sea level pressure dierence between Tahiti and Dar-
win. The SOI usually corresponds very well with the SST-based ENSO indices.Chapter 2. Overview 27
Figure 2.6. time series of Pacic El Ni~ no Southern Oscillation indices from
NOAA Climate Prediction Centre. These were produced from area averages
based on optimally interpolated SST (OISST) data. These SST anomaly
indices include Ni~ no1+2 (90W - 80W, 10S - 0), Ni~ no3 (150W - 90W,
5S - 5N), Ni~ no3.4 (170W - 120W, 5S - 5N), and Ni~ no4 (160E -
150W, 5S - 5N).
The MEI index is also used to monitor ENSO, and calculated from six main ob-
served variables in the Pacic Ocean. These include sea-level pressure (SLP),
zonal (U) and meridional (V) components of the surface wind, sea surface tem-
perature (SST), surface air temperature (A) and total cloudiness fraction of the
sky (C). The MEI can be understood as a weighted average of the main ENSO
features.
The Quasi-Biennial Oscillation (QBO) is a periodic oscillation of equatorial
zonal winds between easterlies and westerlies in the tropical troposphere (10-
50km heights) with a mean period of 28-29 months. A strong teleconnection be-
tween ENSO and QBO has been recent studied (Garnkel and Hartmann, 2010).
This shows an indirect impact of the QBO to the climate through ENSO. The
QBO (gure 2.7) is calculated from the NCEP/NCAR Reanalysis data based onChapter 2. Overview 28
Figure 2.7. time series of global-scale climate indices that are connected with
the tropical Atlantic variability. These are the Quasi-Biennial Oscillation
(QBO), the Southern Oscillation Index (SOI) and the Multivariate ENSO
Index (MEI). Data are from NOAA Climate Prediction Centre and calculated
at Physical Sciences Division (PSDn).
zonally averaged 30mb zonal wind at the equator.CHAPTER 3
Data
3.1 Introduction
In this thesis, various data sets are employed comprising dierent variables at
spatial and temporal resolutions. Large fractions of the work uses satellite data
due to its inherent advantage of synoptic coverage of the study area as well as a
consistent repeat cycles (Challenor et al., 2004). The quality control procedures
and interpolation scheme I applied and source of each data is shown. Data sets
used include satellite, In situ and reanalysis products tailored to specic ques-
tions that the thesis aimed to answer, and these are:
1. Satellite data, which include:
(a) Tropical Rainfall Measuring Mission (TRMM) radar precipitation,
(b) TRMM Microwave Imager (TMI) sea surface temperature,
(c) QuikScat scatterometer winds
(d) Altimeter Sea Surface Height Anomaly (SSHA) and its derived geostrophic
velocity anomalies.
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2. In situ data, which include:
(a) Argo proles
(b) Drifters
(c) Prediction Research moored Array in the Tropical Atlantic (PIRATA)
moorings.
3. NCEP/NCAR reanalysis v1 daily products, which include:
(a) Atmospheric temperatures
(b) Atmospheric winds
4. Other data used are the ETOP02v2 bathymetry and relief data.
3.2 Satellite Data
3.2.1 Tropical Rainfall Measuring Mission (TRMM) radar
precipitation
The TRMM precipitation radar (PR) is the rst space borne rain radar and the
only instrument that measures vertical distribution of rain. It can achieve quan-
titative rainfall estimates both over ocean and land. The PR footprint is 0.25 x
0.25 horizontal resolution. Prior to February 2000, the PR data cover the span
of (40S-40N, 180W-180E). After and including February 2000, the data cover
(50S-50N, 180W-180E). The data are gridded to 0.25 x 0.25 horizontal res-
olution and the temporal resolution of 3-hourly is averaged to daily to give a
complete spatial coverage. Daily averaged 3B42 version 6 is used in this study.
The period considered is 12 years (1998-2009) to allow for analysis of interan-
nual variability.
These data incorporate dierent satellite products including the TRMM Mi-
crowave Imager (TMI) and the TRMM precipitation radar to calibrate infraredChapter 3. Data 31
precipitation estimates from geostationary satellites (Maloney et al., 2008) These
data has a daily temporal resolution and a spatial grid of 0.25 x 0.25. Al-
though, these data have been found to correlate very well (r=0.9) with rain
gauge data at a monthly time period, Nicholson et al. (2003) found a moder-
ately positive bias on daily data.
The TRMM products were specically validated (Nicholson et al., 2003) over
West Africa and a very small overall bias (4%) was observed in the daily datasets.
This bias is insignicant in the tropical region where precipitation is always
large. Correlations (r) between the satellite products and the gauges on a monthly
scale are also shown to be very good (approximately 0.9). These data can be ac-
cessed at the NASA0s Goddard Earth Sciences Data and Information Services
Centre and detailed documentation is available at the NASA GFSC website.
3.2.2 TRMM Microwave Imager (TMI) SST
The Sea Surface Temperature (SST) data used for this study are provided by
the Tropical Rainfall Measuring Mission (TRMM) Microwave Image (TMI) on
board TRMM satellite (Chelton et al., 2000). This TRMM radiometer provides
uninterrupted record of SST signatures on a global coverage of 40S-40N, at
a pixel resolution of 0.25 x 0.25 daily and measuring through clouds except
rain-clouds. The choice of TMI SST in this thesis is due to its inherent advan-
tage over Infrared sensors, which are aected by clouds. While infra red sen-
sors, such as the Advanced Very High Resolution Radiometer (AVHRR) or Ad-
vanced Along-Track Scanning Radiometer (AATSR) has the advantage of having
higher spatial resolution and ability to resolve small-scale features at the coast,
it is generally not very good in the tropical regions where cloud cover is always
prominent. Although, the microwave instrument cannot resolve small-scale fea-
tures at the coasts and has coarser spatial resolution, it is very useful in address-
ing mesoscale variability such as tropical instability waves which are central to
investigations in this thesis. Details of inherent advantages of using microwaveChapter 3. Data 32
instruments for measuring the oceans and sea ice are found in Mitchelson-Jacob
(1996); Robinson (2010).
In addition to SST retrievals, worth mentioning are other geophysical param-
eters can also be obtained from the TMI data, though not used in this study.
These include Atmospheric Water Vapour, Cloud Liquid Water, Rain Rate, 10-
meter Surface Wind Speed using 11 GHz (Z) and 10-meter Surface Wind Speed
using 37 GHz (W). These data and the detailed documentations are available at
the Remote Sensing Systems website.
3.2.3 QuikScat winds
Wind data are from the SeaWinds scatterometer onboard the QuikScat satellite
that provides estimates of the wind at 10m above water surface. Scatterometer
winds are aected by rain where by it becomes dicult to dierentiate signals
from actual winds and those of rain. However, scatterometer processing uses
contemporaneous radiometer measurements for rain agging. Therefore, Remote
Sensing Systems used four microwave radiometers (F13 SSMI, F14 SSMI, F15
SSMI and TMI) to determine if rain is present at the location of QuikScat ob-
servation and that allowed proper agging of scatterometer observations. The
daily level 3 gridded ocean wind vector data has a pixel resolution of 0.25 x
0.25. The data are further averaged to 3-daily before analysis. The three daily
averages also tend to have gaps between satellite tracks, and I retrieved these
through interpolation procedure described in section 3.3. The gap lling was
systematically done and there is no error whatsoever that can aect the results.
QuikScat is in a sun-synchronous orbit an altitude of 803km and a period of 101
minutes. It has a 0600 ascending equator-crossing time, and the scatterometer
swath has an overall width of 1800km with no nadir gap. Daily data exist from
19 July 1999 to 19 November 2009, marking the period of existence of the mis-
sion. These data are obtainable from NASA0s Jet Propulsion Laboratory at the
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3.2.4 Altimeter Sea Surface Height (SSH) and geostrophic
velocity
The altimeter products are the global near-real time multi-mission satellite prod-
ucts. Satellite altimeter products from all available missions that include Jason-
1, Envisat, GFO, ERS-1, ERS-2 and Topex/Poseidon data of various timescales
are re-gridded to daily products. These data include the Maps of Sea Level Anomaly
(MSLA) Sea Surface Height (SSH) and geostrophic velocity anomalies. Both
data are processed to a Mercator grid of 0.3 x 0.3 spatial resolution. Altime-
ter geostrophic velocities at the equator are not valid due to the breakdown of
geostrophy. However, it can be calculated to 1 degree latitude to still give cor-
rect results (Picaut et al., 1989). The data has been re-gridded to 1 x 1 Carte-
sian grid to allow easy comparison with other satellite products used in this the-
sis. The data are produced by SSALTO/DUACS and distributed by AVISO,
and can be accessed at their website.
3.3 Filling gaps in data
The TMI SST has a gap between 17-19 September 2000, 14-16 August 2001 and
also gaps created due to the inability of the sensor to penetrate through raining
clouds. This is a major problem from the microwave satellite temperature data
that results in the disappearance of patterns (Quartly et al., 2006). In this the-
sis, analysis is done mostly based on 3-daily averages and that has taken care of
the aforementioned gaps in 2000 and 2001. However, a few gaps still exist due to
the eect of raining clouds and that is handled through an optimal interpolation
scheme.
This interpolation is also applied to the QuikScat wind vector products, which
still have gaps after averaging of 3-day passes.Chapter 3. Data 34
A part of this thesis employs the use of Singular Value Decomposition (SVD)
to describe modes of variability from the data sets. However, computing the co-
variance matrix from missing data is not easily carried out especially for large
datasets. These missing data have to be lled before performing SVD calcula-
tions (Houseago-Stokes and Challenor, 2004).
Furthermore, gaps in datasets could also lead to biased results from climatology
prepared from these data. It is imperative, therefore to ll in the gaps with ob-
jective interpolation methods so as to achieve the desired accuracy, as consecu-
tive adding of images with gaps could not essentially give a statistically coherent
result. Hence, all data used in this thesis are clear of gaps.
3.3.1 Method of lling gaps in data
The SST data interpolation was done using Data Interpolation Empirical Or-
thogonal Functions (DInEOF) (Alvera-Azc arate et al., 2005). It is parameter-
free, that is all necessary parameters are derived internally from the existing
data, and it is an EOF-based method for reconstruction of missing data.
The DInEOF method works in this way: the input data is stored with spatial
and temporal averages subtracted apriori. Missing data are set to zero, to guar-
antee that they are unbiased with the training data. With this rst guess, an
SVD is computed. Missing data are then replaced with the EOF obtained. With
a new value for the EOF, the SVD is run again recursively, and each time a new
EOF is also produced throughout the time.
The optimal number of EOFs retained for the reconstruction is determined by
cross-validation (a number of points typically 1% of the initial data) are set
aside and considered as missing. After each estimation, the error between these
initial points and their reconstruction is calculated, so the optimal number of
EOFs minimizing this error can be determined. Along with the reconstructed
data, local error elds reecting the accuracy of the reconstruction can alsoChapter 3. Data 35
be generated. Lanczos strategy was employed to enhance computational speed
(Alvera-Azc arate et al., 2005).
After interpolating a complete dataset using DInEOF, the product was not used
directly in order to maximize statistical accuracy. Instead, the original data set
with missing records and the interpolated data set are used to produce a recon-
structed data set by lling only the gaps in the original data products. An ex-
ample of a 3-day averaged reconstructed TMI SST data is shown in gure 3.1.
Figure 3.1. An example of a 3-day averaged new TMI SST data: Left panel is
the original data; right panel is the nal product.
3.4 In Situ data
3.4.1 Argo data
Argo oats are freely drifting arrays of global ocean observing system that mea-
sure temperature and salinity in the upper 2000m of the water column. Over
3000 oats have been launched and are actively sampling the global ocean with
an unprecedented 10-day standard sampling per prole giving salinity and tem-
perature data. Each oat is capable of collecting more than 100 samples, and
data are made freely available to scientic community via the US GODAE web-
site and various other distributors online. Each proler oats at 1000m depth
for 10 days before diving down to 2000m from where it samples the ocean to
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oat position is made possible by the Argos system, and each oat is identied
by World Meteorological Centre (WMO) assigned number.
Other parameters are also deducted from Argo oats such as current velocity
due to shift in position determined by Argos system. An alternative system to
Argos has already been tested using Global Positioning Syste (GPS) and data
communication using the Iridium and Orbcomm satellites. This allows more
detailed data proles to be transmitted with a shorter period at the surface and
even two-way communication. Some Argo oats are specically tailored to sam-
ple the ocean and provide other data such as oxygen and nitrate by adding ad-
ditional sensors. These oats can also be designed to sample the ocean less or
above the standard 10-day sampling.
The Argo proles used are processed by French operational oceanography cen-
tre, Coriolis and distributed by US Global Ocean Data Assimilation Experiment
(GODAE). Floats were considered based on their length of proling time, spatial
coverage and quality of data. The proles used are as identied by World Me-
teorological Organization (WMO) IDs are 1900652, 1900663, 1900550, 1900543
each with a 10-day cycle. The oats were launched at dierent times, but pro-
les taken were at exact timing to allow covariability studies.
3.4.2 Drifter data
One of the current data used for this study is derived from satellite-tracked sur-
face drifting buoy observations gridded at 1 x 1 horizontal resolution (Lump-
kin and Garrao, 2005). It is a product of Drifting Buoy Data Assembly Centre
at National Oceanic and Atmospheric Administration (NOAA). It consists of
monthly climatological elds of near-surface temperature (0.5m) and zonal and
meridional currents as a collection of available data sampling the global ocean
with time scale spanning from 1979-2009.
To derive the elds contained in the climatology, the time-mean, annual and
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integrated to yield monthly averages. The results were further smoothed using
an Optimal Interpolation method described by Cuny et al. (2002). The inter-
polated data covers the global ocean at 73S-85N,180W-180E. In comparison
of this methodology to other modern data sets of the tropical Atlantic obser-
vations, many features of the near surface circulation which were not resolved
by traditional ship-drift-based climatologies (e.g. Near Global Ocean Currents
Climatology of the National Centre for Atmospheric Research, NCAR) or by
FOCAL/SEQUAL (Programme Fran cais Ocean-Climat en Atlantique Equatori-
al/Seasonal Equatorial Atlantic Response Program) drifter trajectories (Lump-
kin and Garrao, 2005) became apparent.
3.4.3 PIRATA data
The PredIction Research moored-Array in the Tropical Atlantic (PIRATA) is
a tripartite programme between USA, France and Brazil that was established
to study the ocean-atmosphere system in the tropical Atlantic (Bourl es et al.,
2006). The programme involves data collection from moorings established across
the whole tropical region. Data collection ranges from surface to 500m depth,
depending on the sensor and variable required to be sampled. These include
temperature, salinity, currents and surface water partial pressure of Carbon
Dioxide (pCO2). Other parameters such as dynamic height and heat content
can also be determined from the observed data. Instruments on these moorings
also collect meteorological variables simultaneously. These include zonal and
meridional wind vectors, wind speed, wind direction, air temperature, longwave
radiation, shortwave radiation, sea level pressure, rain and relative humidity.
Sampling is at high temporal resolution of 10 minutes, allowing the possibility of
identifying fast changing incidences and diurnal cycle.
Data from a mooring at 0N/23W is used in this study to supplement Argo
prole data in the region. This mooring is equipped with ADCP instrument to
collect zonal and meridional currents from surface to 120m depth. Temperature
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data are averaged to 10-day to correspond with the temporal resolution of Argo
proles. These data are obtainable from the Tropical Atmosphere Ocean (TAO)
portal of National Oceanic and Atmospheric Administration of USA. The accu-
racies of various observed parameters and their units are shown in table 3.1.
Table 3.1. Accuracies of observed datasets and their units
S/N Parameter Accuracy Unit
1 TMI SST 0.5 C
2 AATSR SST 0.3 k
3 AVHRR SST 0.5 k
4 Argo temperature 0.005 C
5 Drifter temperature 0.05 C
6 Drifter currents 1 cms 1
7 PIRATA temperature 0.01 C
8 PIRATA Salinity 0.003 psu
9 TRMM precipitation 0.7 mm/day
10 QuikScat winds 2 m/s
11 QuikScat direction 20 degrees
12 MSLA SSHA 3 cm
3.5 Reanalysis data
The daily air temperature and zonal/meridional wind vectors for the atmo-
spheric column are NCEP/NCAR reanalysis v1 products. These data are on
2.5 x 2.5 global grids of 17 pressure levels from 1000 to 10hPa (Kalnay et al.,
1996). Sea level pressure products are also from the same source. The data are
based on observed and forecast systems using state-of-the-art data assimilation
techniques. These data supplement TMI SST data in the analysis of buoyancy
dierence along the atmospheric air-column due to mesoscale variability.Chapter 3. Data 39
3.6 Bathymetry and topography data
The bathymetry and topography data used in this thesis is the Smith & Sandwell
2-minute gridded global relief data (ETOP02v2) provided by the National Geo-
physical Data Centre, National Oceanic and Atmospheric Administration (NOAA).
This gridded data is derived from 1978 SEASAT satellite radar altimetry of the
sea surface. These data and further details are obtainable at the NGDC centre.CHAPTER 4
Temperature advection
4.1 Introduction
The role of the equatorial Atlantic in the tropical heat budget remains an unre-
solved question due to the complexities associated with the cold tongue, tropical
instability waves (TIWs) and the southeast monsoon winds. Sea Surface Tem-
perature (SST) in this region is largely controlled by upper ocean dynamics,
which include advection via large-scale circulation, coastal and equatorial up-
welling as well as contributions from equatorial waves. At high frequencies, SST
variability has been characterised into two components: the diurnal cycle asso-
ciated with daytime warming and night time cooling as well as uctuations with
time scales of 20-40 days associated with seasonal TIWs (Garzoli, 1987; Wainer
et al., 2003).
At the beginning of the boreal summer, there is an intensication of the cold
tongue, which straddles the equator with temperatures of about 23C at the
centre of the core. The northern edge of the cold tongue is characterised by
strong SST anomalies characterised by the cusp-shaped TIW signatures (Chel-
ton et al., 2000) between 2-4N with SST in the range of 25-27C. These SST
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signatures occur mostly within the latitude range because the waves are stronger
to the north. This is also a region of strongest wind stress divergence, and hence
Ekman pumping and forms the boundary between the westward South Equato-
rial Current (SEC) and the eastward North Equatorial Countercurrent (Richard-
son and Reverdin, 1987). North of 4N the SST can reach 30C, marking the
position of the Atlantic thermal equator.
A thorough understanding of the processes governing heat budget requires in-
vestigation of SST evolution through time and its roles to local surface heat
ux, freshwater ux, turbulent heat ux and advection. Hence, understanding
the importance of currents in the distribution of temperature is vital to the cli-
mate both in terms of heat and moisture uxes and the carbon sink. In a similar
vein, SST variability in the equatorial Atlantic cold tongue region (25W-15E,
12S-4N) has been found to correlate well with rainfall anomalies in both the
surrounding regions of Brazil and West Africa (Chang et al., 2006; Xie and Car-
ton, 2004). Therefore, a good understanding of SST variability could lead to the
prediction of rainfall.
The equatorial Atlantic SST is characterised by two modes of interannual vari-
ability: one is the equatorial mode similar to the Pacic El Ni~ no Southern Os-
cillation (ENSO) and the other is the dipole mode, also called the Atlantic inter-
hemispheric SST gradient (Servain et al., 2003; Wainer et al., 2003; Wang and
Weisberg, 2001). The dipole mode of the equatorial Atlantic may be explained
through inter-play between two feedbacks of opposite sign. The positive one is
based on wind induced heat uxes and changes in SST anomalies that control
the southern cold basin and the northern warm basin. The negative phase in-
volves oceanic anomalous advection that goes from north to south (Chang et al.,
1997). The meridional mode, a north-south mode of variability in the tropical
Atlantic, is sensitive to the anomalous cross equatorial SST gradient (CESG),
especially in February-April when the ITCZ is at its southernmost position and
the climatological CESG is weak (Carton et al., 1996; Seager et al., 2001). The
meridional positioning of the ITCZ is sensitive to CESG anomalies.Chapter 4. Temperature advection 43
The wind-induced changes in evaporation and SST due to anomalous trade winds
is organised into a wind-evaporation-SST feedback (WES). The cross-equatorial
WES feedback works as follows: Consider the presence of an anomalous cross
equatorial SST gradient (CESG) that causes southward pressure gradient due
to hydrostatic adjustment (Lindzen and Nigam, 1987). This generates anoma-
lous cross-equatorial winds that turn to the west in the southern hemisphere and
east in the northern hemisphere due to the Coriolis force. The anomalous south-
westerly (south-easterly) winds dampen (enhance) the north-easterly (south-
easterly) background trade winds over the northern (southern) side of the equa-
tor. This leads to a decrease (increase) in latent heat ux release from the ocean
to the atmosphere, leading to a local warming (cooling) in the northern (south-
ern) part region, hence amplifying the initial anomaly in equatorial SST. The
WES feedback mechanism manifests itself as a positive (negative) feedback in
a region where mean background trade winds are easterlies (westerlies) (Maha-
jan et al., 2009). On a decadal time-scale, the WES feedback is counteracted by
advection caused by meridional ocean currents (Chang et al., 1997) and by the
poleward advection due to Ekman pumping (Xie, 1999).
The ocean0s role in the SST gradient of WES is not clear. At interannual time-
scales, Seager et al. (2001) suggested that the ocean creates a damping eect
on the emerging large-scale SST anomalies by horizontal advection due to mean
Ekman ow. In Chang et al. (1997) model, the CESG feedback is limited by
cross-equatorial advection by the northward owing North Brazil Current, which
helps switch the phase of the coupled oscillation, therefore setting the timescale
of reversal.
In a study of heat and moisture uxes in the equatorial Atlantic, Yu et al. (2011)
observed a positive correlation between SST and a proxy depth of the thermo-
cline (20C isotherm). A high correlation was found to occur between 3-10N
that is associated with vertical advection induced by the Ekman pumping ve-
locity. This is because the upward Ekman pumping due to divergence raises the
thermocline water to the mixed layer and cools the SST.Chapter 4. Temperature advection 44
Temperature advection is highly relevant and plays a fundamental role in the
equatorial heat transport while latent heat loss has greater impact at the sub-
tropics (DeWitt and Schneider, 1999) Assessing the advective tendencies of cur-
rent anomalies is also important to the general circulation models without which
their forecast capability is reduced and they would not be able to address tropi-
cal intraseasonal variability and other extreme events (Deser et al., 2006; Jochum
et al., 2007; Lin et al., 2006). The contribution of advection in the heat budget
has prompted the need to better understand the mechanisms by which oceanic
dynamics are reected by near-surface currents. The goal of this chapter there-
fore, is to quantify the role of horizontal temperature advection in setting the
distribution of equatorial Atlantic temperature. The contributions of mean and
anomalous temperature advection in the zonal and meridional direction that
may have an impact on the cross-equatorial SST gradient are examined. This
was previously not possible due to lack of observed currents. Because of the
eastward anomalous cross-equatorial winds of the WES-feedback mechanism
north of the equator, I hypothesis that meridional temperature advection would
be greater than the zonal component in transporting heat across the basin due
to Ekman ow. In the boundary layer, the Gulf of Guinea SST controls the
moisture convergence over West Africa monsoons (Fontaine et al., 2003). How-
ever, the eect of currents in determining SST anomalies in this region is not
clear. I therefore, also hypotheses that temperature advection of tropical insta-
bility waves does warm the Gulf of Guinea region.
The most recent and up-to-date climatological velocity and SST data with im-
proved spatial resolution of 1 latitude x 1 longitude and monthly temporal
resolution is used in this chapter. The accuracy of the near surface (0.5m) cur-
rent using these drifters is 1cms 1 in a 10 ms 1 wind (Falco and Zambianchi,
2011; Pazan and Niiler, 2001). These were produced from 30 years (1979-2009)
of drifter data, and were able to highlight small scale features at the near-surface
which was not achievable previously even from the comprehensive joint SE-
QUAL and Programme Fran cais Oc ean-Climat en Atlantique Equatorial (FO-
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supplemented with daily multi-satellite near real-time altimeter derived geostrophic
currents for three years (2007-2009). The data is of high resolution (0.3 x 0.3
grid) and can provide a view of higher frequency advective tendencies. Daily
gridded data are only made available as near-real time products. Tropical Rain-
fall Measuring Mission (TRMM Microwave Imager - TMI) SST with spatial res-
olution of 0.25 x 0.25 are used in conjunction with the altimeter data for the
analysis. For consistency, both the velocity and TMI SST data were linearly
interpolated to 1x1 grid and averaged to 3-day before additional calculation.
Details of these data and the quality control applied are discussed in chapter 3.
This chapter is organised as follows: Section 4.2) Seasonal variability of SST and
surface currents, 4.3) temperature advection, 4.4) results, 4.5) discussion, and
4.6) summary.
4.2 Seasonal variability of SST and surface currents
Oceanographic conditions in the equatorial Atlantic during the summer are
characterised by quasi-equatorial upwelling driven by persistent southeast trade
winds. The seasonal variability of mean equatorial Atlantic SST is shown in g-
ure 4.1 with the associated standard deviations (std). The warmest part of the
basin is in the Gulf of Guinea (10W-14E, 7S-7N) region during the March-
April-May (MAM) period with 30C maximum that is associated with the bo-
real spring. Highly variable SST (std > 0.6) occur at the cold tongue region dur-
ing MAM and that corresponds to the period when southeast trade winds begin
to advance. The cold tongue usually starts to develop in the Atlantic around
mid May, and disappears in November. The maximum std signal is seen in the
Gulf of Guinea and south during JJA months. Regions of enhanced std greater
than 0.4 represent areas of dominant spatial modes of variability in the equato-
rial Atlantic (Huang et al., 2004).
The current velocity structure of the equatorial Atlantic is a complex one, be-
ing characterised by strong surface currents and undercurrents that lead to theChapter 4. Temperature advection 46
Figure 4.1. Seasonal SST variability from drifters. Left panel (mean), right
panel (standard deviation). Contour interval is 1C for mean SST and 0.15
for std SST. Units are in C.
generation of barotropic and baroclinic instabilities. The consequences are the
generation of TIWs that straddle the equator, leading to a net increase in ther-
modynamic processes at the air-sea interface as well as temperature advection.
The strongest surface current is the SEC, reaching up to 3N, with a typical
speed of 60cm/s at the centre of the basin, and can reach up to 100cm/s (Kelly
et al., 1995).
Surface circulation (gure 4.2) shows weak ows in DJF, implying less impact
of seasonal winds and wave activity. The Guinea Current (3-5N, 8W-0E) re-
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year with maximum in JJA (65cm/s). The SEC also shows strong velocities in
both MAM and JJA periods, with the latter having over 60cm/s. Signicantly
low velocities of 10cm/s are seen north of 5N in both DJF and MAM, as well
as south of 7S for all the seasons. Interestingly, the existence of the eastward-
owing North Equatorial Countercurrent (NECC) is seen very clearly in the JJA
season between 3-10N. The NECC is considered to have a boundary between
3-10N (Bischof et al., 2004), and is important in the seasonal circulation due to
its inuence on the generation of TIWs. The NECC is stronger and more visi-
ble during the boreal summer but barely seen in other seasons. The SON season
shows weaker ows generally, except the Guinea Current and South Equatorial
Current (SEC) that showed signicant values in the eastern part of the basin.
Figure 4.2. Seasonal variability of surface currents from drifters (long term
mean).
Drifter and satellite data are used to describe the spatial and temporal evolution
of SST due to surface currents in the equatorial Atlantic region. Temperature
advection by surface and near-surface currents are characterised to determine
their contributions to SST variability at both highly variable north equatorial
Atlantic region and the less variable south. Two boxes (A and B) are chosenChapter 4. Temperature advection 48
north of the equator to determine the relative contributions of temperature ad-
vection from both drifter climatological mean data and high temporal and spa-
tial resolution TMI SST and altimeter (MSLA) geostrophic currents. Another
box (C) is chosen south of the equator, utilising only drifter data to characterise
dynamics in a less variable region. The drifter measures currents and tempera-
tures at approximately 0.5m depths while satellite SST is skin temperature.
4.3 Method
Understanding the contribution and eect of advection on the scale of the heat
budget requires the availability of ocean current data. I use highly accurate
monthly drifter climatology data of SST and zonal and meridional velocities to
build up a framework under which advective tendencies of temperature as well
as other oceanographic features are interpreted and discussed. The contribution
of temperature advection in the equatorial heat budget from much higher tem-
poral and spatial resolution satellite data is also studied. The spatially averaged
time series were taken from three boxes shown in gure 4.3, with box A (6-8N,
18-34W) for the high-resolution satellite data, and boxes B (3-5N, 18-34W)
and C (10-12S, 18-34W) for the drifter climatology.
The northernmost boxes A and B were intended to focus on the location of the
NECC which has been found to exist between 3-10N from other studies, e.g.
(3-10 Richardson and McKee, 1984), (3-9N Garzoli and Richardson, 1989) and
(3-10N Fonseca et al., 2004). The presence of NECC is important because cur-
rent shear between it and the westward owing NEC (7-20N) as well as be-
tween NEC and EUC (2S-2N, 80-100m depth) results in the generation of
TIWs, which are important aspects of anomaly circulation in the region. The
third box C is considered for the analysis in a region not inuenced by the waves.Chapter 4. Temperature advection 49
Figure 4.3. A snapshot of TMI SST averaged over three days, 3-5 July 2009.
The cold tongue is fully matured and TIWs are seen on the northern and
southern edges of the tongue. Box A (6-8N, 18-34W) is considered for
analysis of altimeter geostrophic currents and TMI SST data while boxes B
(3-5N, 18-34W) and C (10-12S, 18-34W) were considered for analysis of
drifter current and drifter SST data. Boxes A and B were chosen so that ad-
vection changes related to anomalous currents due to TIWs can be observed,
while box C was chosen because the area is not inuenced by the seasonal
TIWs.
The horizontal temperature advection has been used to study individual direc-
tional contributions of currents to temperature gradients with the aim of evalu-
ating the impact of these currents to local climate (Foltz et al., 2003; Lee et al.,
2004). The temperature advection equation is given by
  #OT =

 u
dT
dx
  v
dT
dy
  w
dT
dz

(4.1)
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# =velocity vector with directional elements u,v, and z, in the zonal (x), merid-
ional (y) and vertical (z) respectively, and O is the gradient operator. The terms
on the right are zonal, meridional and vertical temperature advection compo-
nents respectively. For the purpose of this work, and due to absence of vertical
velocity data, I consider only the rst two terms
 #OT =

 u
dT
dx
  v
dT
dy

for zonal and meridional temperature advection components.
To calculate temperature advection, I applied equation 4.1 by considering the
boxes shown in gure 4.3, with the aim of evaluating the time evolution of ad-
vective tendencies in the region. Time series of temperature advection from each
box were then created and analysed. Finally, spatial advective tendencies over
the equatorial Atlantic basin are calculated and presented. Box B is analysed
rst because it is directly on a region where TIWs are strongest, and then the
results of C and A are presented.
4.4 Results
4.4.1 Analysis from drifter data 1: Box B
The zonal velocity (gure 4.4a) remains eastward from May and peaking in Au-
gust with about 22cm/s due to the presence of NECC, while the meridional
component is weaker with 3cm/s southward in the same month. The NECC
is strong and visible during the boreal summer and spring but disappears by
late winter. From mid-May to November, the ows change direction, becoming
stronger eastward and southward. However, the reverse is the case in November
when both zonal and meridional velocities account only for about 3cm/s, leading
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The SST anomalies based on the overall average (gure 4.4b) began to increase
at the beginning of the boreal summer, cooling from May as the cold tongue de-
velops but returning to a peak in November. This signies the seasonal cycle of
SST in the equatorial Atlantic sub-domain. Surface ows close to the equator
are highly inuenced by seasonal winds as a major driving force since the Cori-
olis force diminishes at the equator. The southeast trade winds must have ex-
cited the surface of the ocean remotely and raised surface currents at the south-
western ank of the South Equatorial Current (SEC) but at earlier time, as the
winds were stronger in the south in March. The strengthening of northeasterly
trade winds when the ITCZ is retreating southward might have enhanced the
North Equatorial Currents through surface stress in August-September (gure
4.4a).
Figure 4.4. Box B (shown in gure 4.3) indicating mean
monthly, a) zonal and meridional velocities b) Spatially
averaged SST anomaly from drifter and c) horizontal tem-
perature advection tendencies and its zonal and meridional
components.
The SST anomalies (gure 4.4b) show the seasonal cycle of SST in the region
with higher values in May, which subsequently drop as the strength of the cold
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advection time series (gure 4.4c) show the horizontal advection (black) hav-
ing a considerable cooling eect with -0.05C/month in the boreal spring but
warming from May. Warming tendencies reach maximum in July/August with
0.02C/month, and this continues until November, possibly inuenced by the
high SST observed in gure 4.4b. The main contributor of advection is the merid-
ional component with values closer to that of horizontal temperature advection,
while the zonal component is much smaller from mid-May to end of the year.
This implies that from June-December, the inuence of zonal currents in trans-
porting heat within the chosen box is quite minimal.
Since this analysis is in a region of signicant anomalous circulation due to trop-
ical instability waves and their vortices, it is important to decompose the advec-
tion term into mean and anomaly components to see the magnitude of contri-
bution of each to temperature advection. I decompose both U and dT to their
mean and anomaly components to examine their relative importance to circula-
tion. For ease of nomenclature, dT
dx is written dT. This should provide a quanti-
tative representation of the contributions of mean and anomaly components of
the variable pairs.
U =  U + U0,
where  U is the mean seasonal cycle of zonal velocities and U0 from the mean
seasonal cycle of zonal velocities and
dT =  dT + dT 0,
where  dT is the mean seasonal cycle of temperatures and dT 0 from the mean
seasonal cycle of temperatures.
UdT =  U  dT +  UdT
0 + U
0  dT + U
0dT
0; (4.2)
The anomaly component of zonal advection (gure 4.5a) corresponds to the
total horizontal advection term UdT. That means the advection of anomalous
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but entails relatively more cooling than warming throughout the year. Anoma-
lous circulation in this region are associated with the oscillatory behaviour of
the waves due to anomalous currents and temperatures. This demonstrates that
the TIWs are the major contributors to advection in the region. Advection of
mean (anomalous) temperatures due to anomalous (mean) currents  UdT 0 lead to
warming (cooling) from January-June.
Contrasting U0  dT with  UdT 0 shows a striking out of phase relationship between
the two, with almost the same magnitude of alternating warming/cooling ten-
dencies during the rst and second halves of the year. These phenomena are due
to changes of surface currents caused by prevailing southeasterly and northeast-
erly winds in the Atlantic.
A similar calculation was done for the meridional component (gure 4.5b), in
which the mean and anomalous components are contrasted in each case to reveal
their individual contributions to advection. This is expressed as follows:
V dT =  V  dT +  V dT
0 + V
0  dT + V
0dT
0; (4.3)
The seasonal cycles of both the meridional advection term (VdT) and the anomaly
component (V 0dT 0) exhibit a similar pattern but with a reversed magnitude
around mid-June. Before this period, the meridional advection term reveals a
signicant cooling eect due to the strengthening of the cold tongue in April-
May, where cold waters are advected northward. The anomaly component (V 0dT 0)
maintained a warming eect until April and by mid-June, involved with advec-
tion of cold waters toward the end of the year. The mean temperatures due to
anomalous meridional currents (V 0  dT) and the anomalous temperatures due to
the mean meridional currents ( V dT 0) remained out of phase prior to June, but
however came in to phase when the NECC forms in June and remained so until
the end of year. It is clear, that V 0  dT is the least contributor to meridional tem-
perature advection, with peak values in the range of 0.2C/month throughout
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Figure 4.5. Box B (shown in gure 3.3) decomposition of temperature
advection terms a) zonal and b) meridional.
Prior to June, each of the decomposed terms of advection for the zonal compo-
nent (gure 4.5a) is out of phase with the corresponding terms in the meridional
direction (gure 4.5b). However, the cooling and warming eects are in phase
between June until December. Generally, the warming tendency is exhibited in
the later half of the year by meridional advection due to the impact of tropical
instability waves.
4.4.2 Analysis from drifter data 2: Box C
The zonal and meridional velocities shown in gure 4.6a exhibit westward and
southward ows respectively, with a considerable degree of change in magni-
tude from June to December. Earlier from April to May, the zonal currents were
weaker but became stronger as they are perturbed by the southeast trade winds
with westward velocities increasing from 5cm/s in May to 10cm/s from August-
December. This is reected in the cooling of the SST shown in gure 4.6b as
the southerly winds strengthen. The region bounded by this box is inuencedChapter 4. Temperature advection 55
Figure 4.6. Box C (shown in gure 4.3) indicating mean monthly, a)
zonal and meridional velocities b) Spatially averaged SST anomaly
from drifter, c) horizontal temperature advection tendencies and its
meridional components, and d) zonal temperature advection tendencies.
by both westward South Equatorial Current (SEC) and the southward Brazil
Current (BC). There is a net increase in warming due to horizontal advection
(gure 4.6c) from May to August and peaking in July. Meridional advection is
almost as strong as the total advection term, having 0.04/month (warming)
maximum in July and -0.03C/month (cooling) in November. The contribution
from zonal advection (gure 4.6d) is however negligible and is about a tenth of
the meridional component exhibiting sustained warming almost throughout the
year.
The advection term for box C is now decomposed into mean and anomaly com-
ponents, to highlight the magnitude of the contribution of each to temperature
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total term UdT showing a reduced warming eect from March-May. This is at-
tributable to the strengthening of the southeasterly monsoonal winds heading
equatorward and cooling temperatures on its path. Interestingly, UdT has not
compensated with negative values and maintained warming throughout the year
with a peak of 1.5C/month.
Figure 4.7. Box C (shown in gure 4.3) decomposition of temperature
advection terms a) zonal b) and meridional.
The anomaly component U0dT 0 maintained a fairly constant signature through-
out the year exhibiting the least contribution to warming/cooling tendencies.
Advection of mean temperatures due to anomalous currents U0  dT and advection
of anomalous temperatures due to mean currents  UdT 0 maintained a fairly simi-
lar signature throughout the year with the total advection term UdT except the
dierence in magnitude. The large dierence in magnitude indicates that advec-
tion of mean temperatures due to mean currents  U  dT play an important role in
the circulation pattern at box C.
The meridional component VdT is also decomposed into the mean and anomaly
components as shown in gure 3.7b. The total term VdT reveals a cooling eect
throughout the year with highly signicant values and peaks with 1.3C/monthChapter 4. Temperature advection 57
Figure 4.8. Spatial patterns of SST advection for the month of July from
the drifter climatology. a)  udT
dx   v dT
dy , b)  udT
dx and c)  v dT
dy . The
contour line is a 25C isotherm which delineates the cold tongue from
the surrounding waters. Temperature data smoothed by a Gaussian
lter.
in June. Advection of mean temperatures by meridional current anomalies V 0  dT
shows a substantial cooling eect prior to June and warming afterwards until
November. The anomaly component V 0dT 0 is the least contributor to the warm-
ing/cooling eects of advection term VdT.Chapter 4. Temperature advection 58
4.4.3 Analysis from drifter data 3: spatial
This analysis is supplemented by the basin-scale spatial advection shown in g-
ure 4.8. With the resolution of 1x1, the surface drifter data of SST and ve-
locity highlights regions of strong and weak warming/cooling tendencies. The
month of July was chosen because it is the period of maximum anomaly circula-
tion due to the presence of TIW and its vortices in the equatorial Atlantic. The
overlaid contour is the 25C isotherm from the SST data, indicating the bound-
ary of the Atlantic cold tongue with the surrounding waters in July.
The horizontal advection term (gure 4.8a) shows distinct characteristics of
warming (positive) and cooling (negative) mesoscale features with values of
the order of 12 C/month within the latitudinal band of 3 degrees from the
equator. These meso-scale patterns explain the impact of near-surface currents
(0.5m depth) on advection of temperatures across the basin. The larger peaks
seen in the zonal advection than in the meridional component are due to the
presence of TIWs and their vortices that help advect temperatures eastward.
This can be observed from gure 4.5, where zonal advection is almost as large
as the horizontal advection. These are strongest north of the equator between
1-5N than to the south. Strong wind stress divergence occur at the northern
ank and that brings about accelerated zonal currents. The minima (maxima)
of features observed from the spatial plot (gure 4.8) are due to the interac-
tion of currents and waves in the distributions of cold (warm) SSTs. Enhanced
warming seen in the Gulf of Guinea (10W-14E, 7S-7N) is related to the TIWs.
The impact of these waves on near-surface circulation is important because they
lift and suppress the thermocline, and by so doing transfers heat into the mixed
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4.4.4 Analysis from geostrophic currents and satellite SST:
Box A
The advection analysis is taken further hereby using satellite in addition to drifter
data with higher resolution data at both temporal (3-daily) and spatial scales
(1
3x1
3 for currents and 1
4x1
4 for SST). Altimeter-derived surface geostrophic ve-
locities and TMI SST are used to study temperature advection to allow sub-
seasonal and seasonal scales to be studied at interannual time scale. Because of
the diminishing of the Coriolis force at the equator, I consider a region far from
it. This analysis covers the period 2007 to 2009 with data averaged to monthly.
The altimeter-derived geostrophic current anomalies (gure 4.9a) show that the
zonal velocity increases due to the emergence of NECC from May of each year.
However, despite having similar magnitude of peaks of +12cm/s around Au-
gust of each year, there is a variation between the years in terms of westward
ows. The years 2007, 2008 and 2009 are characterised by maximum westward
ows in February, June and August respectively, signifying an interannual vari-
ability of circulation at the chosen box A. In April 2009, the westward zonal
currents peak with 18cm/s but with less magnitude in the preceding years.
The meridional currents are weaker with not more than 3cm/s at peak periods
throughout the years. The SST shows a weak seasonal signal with signicantly
lower value during March-April-May 2009 (gure 4.9b).
Horizontal advection anomaly (gure 4.9c) shows a signicant amount of cooling
during the boreal spring of 2007 with values of -0.1C/month. The zonal com-
ponent contributes minimally to the total advection compared with the merid-
ional component. For the period of observation, a strong warming tendency
is only present in spring of 2008 with values of 0.14C/month. The year 2009
recorded a considerable cooling in June and it peaks with a value of -0.14C/month.
During the boreal winter, the ITCZ is approximately parallel with the equator
and is located at 5N. At this period, the region of box A (6-8N) is charac-
terised by weak winds and strong SST that allow signicant warming in winterChapter 4. Temperature advection 60
Figure 4.9. Box A (shown in gure 4.3) indicating mean monthly,
a) Zonal and meridional velocity anomalies from altimeter-derived
geostrophic currents b) TMI SST anomaly using monthly mean data.
The currents (1
3 degree resolution) were interpolated to the same grid
as the SST (0.25 x 0.25 resolution) and c) advective temperature
tendencies calculated from the box.
of 2008. The ITCZ is a band of weak winds charaterised by strong warming and
overcast. On the contrary, cold upwelled waters associated with the strength-
ening of the cold tongue during the early boreal summer creates low SST and
this is reected in strong cooling observed during spring times of 2007 and 2009,
with 2008 showing very low cooling values.
The anomaly component of zonal advection U0dT 0 (gures 4.10a) is nearly as
large as the zonal advection term. Advection of anomalous temperatures due to
mean currents shows a weaker contribution with an e-folding scale of -0.005C/month
compared with the anomaly component that peaks with -0.4C/month. The ad-
vection of mean temperatures due to current anomalies U0  dT shows some no-
ticeable peaks of warming in June-July-August of all the years, with signicant
cooling in April-May of 2008 and 2009.
In 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Figure 4.10. Box A (shown in gure 4.3): decomposition of temperature
advection terms from altimeter-derived geostrophic currents and TMI
SST a) zonal component b) meridional component c) total directional
contributions minus anomalous advection.
the spring of 2007 and 2009, and signicant cooling in July 2008 and October
2009. Fluctuations in warming/cooling tendencies are less in 2008. In general,
each component is a strong contributor to warm/cooling observed in the plots
but the contribution of advection due to mean currents  V dT 0 is lowest.
Although, all other components contribute toward the uctuating warming/-
cooling of zonal advection (gure 4.10a), the anomaly component shows an in-
teresting result, as it alternates its values rather than aligning to the pattern of
the main advection UdT between June and December of each year. It signies a
considerable amount of cooling during those periods and subsequently aects the
zonal advection term. That means temperature advection resulting from anoma-
lous currents/SSTs is very important during those times. Total directional ad-
vection minus anomalous advection of temperatures is shown in Figure 4.10c.Chapter 4. Temperature advection 62
This highlights the nature of temperature advection in the absence of its anoma-
lous contribution that are mostly due to the presence of seasonal tropical insta-
bility waves. The zonal component shows a seasonal cycle with positive peaks in
August-September and negative peaks in March-April each year arising from the
contributions of all the components except the anomaly. A similar scenario is
observed for the meridional component, but with a clear interannual variability.
Anomalous temperature advection is therefore important in controlling the heat
transport in the area.
4.5 Discussion
The drifter measures currents and temperatures at approximately 0.5m depths
while satellite SST is skin temperature. Comparing the spatially averaged cur-
rents and temperatures of the drifter box to that of satellite shows great dier-
ence between the two data sets. The altimeter geostrophic currents and drifter
data represented by boxes A and B respectively (see gures 4.3, 4.4, 4.9) show
that drifter velocity components are two times greater than altimetry. However,
TMI SST anomaly is four times greater in magnitude than the drifter SST. By
implication, the zonal and meridional advective components of drifter data (g-
ure 4.4) are much greater than those of altimeter/TMI SST (gure 4.9). This
also applies to the decomposed advective terms of drifter (gure 4.5) and altime-
ter/TMI SST (gure 4.10). While the drifter data is based on long-term clima-
tological mean, it still demonstrates the ability to show small-scale variability as
well as long term anomalous circulation based on observed near-surface currents
and SSTs. The drifter data contains both Ekman and geostrophic components
of velocity, while Altimeter comprises only geostrophic currents. The main pur-
pose of this investigation is to assess the contribution of current anomalies in
transporting heat, rather than comparing the data sets that dier in spatial res-
olution and pre-processing technqiues.Chapter 4. Temperature advection 63
Contrasting the zonal and meridional advection of temperatures at box B shows
that the meridional component is larger, and zonal component is almost zero
from June to end of year (gure 4.4). A similar result is obtained from the al-
timeter currents and TMI SST data (gure 4.9) with meridional advection closely
matching the total advection. This has validated my hypothesis that the contri-
bution of the meridional advective component is greater than that of the zonal
component in transporting heat across the basin. Even though, as expected the
meridional component is larger for both A and B boxes, the zonal component
also contributes substantially in these areas where zonal current anomalies are
large. Jochum and Murtugudde (2006) studied from a coupled ocean-atmosphere
model, that the zonal temperature advection is as strong as the meridional com-
ponent. However, in my own case that involves two dierent observational data,
the meridional component is found to be stronger. It is important to stress that
analysis from model simulations entails averaging over depth (h) and each depth
layer comprise horizontal dimension such as what is considered in this chapter.
It is important to stress that horizontal temperature advection from one single
layer is not to be compared with advection computed from various averaged lay-
ers because each layer is independent of another.
In areas where zonal currents anomalies are weak, for example box C (gure
4.6c), the zonal temperature advection is weaker. This area is highly controlled
by mean advection rather than other anomalies because there is no current shear
counteracting the SEC. Because the C box is located within the South Equa-
torial Current and Brazil Current, both currents could have substantial impact
on temperature advected either north-south or east-west. The southward ow-
ing Brazil Current (BC) (gure 4.6a) is much weaker than the westward owing
South Equatorial Current. As such, the cold upwelled austral autumn/winter
waters driven to the west within SEC inuences the major cooling eect ob-
served from both zonal and meridional advection shown in gure 4.7. Therefore,
the inuence of the BC in transporting warmer waters from north to south is
negligible. Besides, the region is inuenced only by southeasterlies, unlike A and
B that are in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also not aected by strong current anomalies that are related to TIWs compared
with A and B. This further suggests the importance of boxes A and B and the
surrounding area to future investigations whose results could be important for
the general circulation models.
The inuence of NECC on the equatorial Atlantic circulation is quite large, es-
pecially in the regions of A and B as shown in gure 4.4a. The zonal component
is stronger and doubles the meridional component throughout the period of ex-
istence of NECC. The NECC is short-lived but dominates seasonal variability of
the region (Bourl es et al., 1999). This demonstrates that any anomaly of NECC
could substantially aect the circulation pattern in its domain and even beyond.
There is no doubt, therefore to see the changing structure of advection compo-
nents in gure 4.5a, where anomalous advection U0dT 0 seems to warm the region
with values close to the zonal advection UdT. More interestingly, the anomalous
advection pattern of the meridional component V 0dT 0 cools the region from Jan-
uary to June, but when the NECC forms in June, the cooling is exceptionally
high, and values went below the meridional advection term VdT. This calls for
a future investigation of the circulation associated with NECC variability. Al-
though, this chapter has concentrated on the temperature advection pattern, it
is important to follow a full study of the advection from high-resolution numer-
ical ocean models and consider various depth levels to characterise NECC and
other currents associated with its variability in the tropical Atlantic.
The spatial pattern of temperature advection (gure 4.8) highlights strong warm-
ing in the Gulf of Guinea due to advection  udT
dx   v dT
dy. This is contributed
mainly by the zonal advection  udT
dx. Analysis for other months (not shown),
were smaller in magnitude, most likely due to July being a month of high anoma-
lous ow. This is additionally veried from the satellite data analysis, especially
gure 4.10c where anomalous advection is demonstrated to have a major impact
in controlling heat transport in the area. If these anomalies are related to the
TIWs that pick up a strong signal in June and weakens in November, then their
contribution to advection of heat is large and important to the tropical Atlantic
circulation. For example, Marin et al. (2009) observed that SSTs in the easternChapter 4. Temperature advection 65
tropical Atlantic were stronger in June 2006 than in June 2005 with over 1C
dierence, which they attributed to intense southeasterly trade winds in 2005
that led to substantial cooling of SSTs. Strong winds at the SST frontal zones
enhance wind stress over the ocean that leads to secondary circulation (Small
et al., 2008). Because strong winds in July are southeasterlies, then Ekman ow
is enhanced leading to stronger zonal circulation and in this case eastward ow.
Therefore, warm SSTs at the TIW zones are transported eastward into the Gulf
of Guinea by anomalous currents that were once initiated by the SST thresh-
old of 26-29C. I have therefore validated my earlier hypothesis that the TIWs
warm the Gulf of Guinea SST during the boreal summer. This also, in addition
conrmed the studies by Jochum and Murtugudde (2006) that the most signi-
cant anomalous circulation is the TIWs whose oscillatory temperature advection
is signicantly larger than that of other times when they do not exist.
Looking at the bigger picture, ocean-atmosphere processes in the tropical At-
lantic falls within the realm of the Wind-Evaporation-SST (WES) feedback
mechanism, the inclusively ocean-atmosphere activities due to tropical instabil-
ity waves demonstrates a uniquely interesting process. The WES feedback deter-
mines the amount of latent heat release from the ocean to atmosphere through
the modication of anomalous trade winds on both sides of the equator. How-
ever, local contributions of ocean-atmosphere processes are linked to the WES
mode and these vary due to certain non-linearities in the system, such as the
SST threshold that would determine deep convection in the atmosphere and the
wind speed over SST front that enhances drag over the ocean. For example, at
the SST frontal zones of TIWs, strong divergence occurs (Small et al., 2008) due
to wind speed response to the SST threshold (26-29C) that increases wind
stress over the region. Wind stress in the Atlantic is enhanced (diminished) over
warm (cold) SST (Hashizume et al., 2001) patches of TIWs. These waves oscil-
late between the warm/cold patches due to the presence of Ekman divergence
and TIW vortices leading to strong vertical entrainment. As a result, the atmo-
sphere heats up the outside patches and this heat is transferred into the thermo-
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Jochum and Murtugudde (2006) attributed the major cause of zonal tempera-
ture advection to the thinning of the mixed layer as a result of TIW cyclones.
While these waves increases heat transfer from surface to the depth of the ther-
mocline, my results here suggested that horizontal advection due to their dy-
namics is a major contributor to heat transport in the region. The surface/near-
surface temperature advection calculated suggests that their variability would
impact changes in WES mode through oceanic feedback. For example, satellite
calculations show signicant interannual variations of warming/cooling tenden-
cies for the three years (2007-2009). At decadal timescales, Chang et al. (1997)
proposed an oscillatory process in which WES feedback is counteracted by tem-
perature advection due to meridional currents, and by poleward advection due
to Ekman pumping (Xie, 1999). These studies imply that the WES feedback
mechanism can be aected at periods shorter than the proposed decadal time
put forward by these authors, so long as the oceanic feedback is put into con-
sideration. Additionally, decomposing the advective terms into their mean and
anomalous components realistically identies the damping mechanisms for stress
elds that creates secondary circulation and accelerates zonal heat transport.
4.6 Summary
Temperature advection was calculated from satellite and drifter data sets. Merid-
ional temperature advection is larger in the central equatorial Atlantic than the
zonal component. However, the zonal component is larger in the east and that
causes signicant warming of the Gulf of Guinea region. This warming only oc-
cur during the boreal summer when the TIWs are well established. Advection
due to anomalous currents by anomalous temperatures are larger for both data
sets compared to their mean contributions. This is due to the inuence of trop-
ical instability waves that occur during the boreal summer and spring in the
region. However, in a region not in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temperature advection by anomalous currents/temperatures do not show signif-
icant contribution to the main advection term. This is essentially due to weak
anomalous ow and temperatures in the region.
While this chapter addresses the contributions of temperature advection in the
tropical Atlantic, it is worthwhile looking at the subsurface circulation variabil-
ity to highlight its connection with surface dynamics. The strengthening (weak-
ening) of the trade winds and TIWs that lead to a shoaling (suppressing) of the
thermocline are better understood from subsurface circulation and this is ad-
dressed in chapter 5.CHAPTER 5
Water properties
5.1 Introduction
The ocean mixed layer is characterised by having the same properties through-
out the layer with gradient properties at the bottom of the layer. The ability
of the mixed layer to communicate with the atmosphere makes it important for
ocean circulation and understanding its variability is crucial for climate studies.
Atmospheric uxes of heat, momentum and fresh water at the air-sea interface
drive vertical mixing that generates the mixed layer, and this layer varies with
time due to changes in atmospheric forcing (Dong et al., 2008). The thickness of
the mixed layer indicates the amount of heat and moisture that directly interact
with the atmosphere.
Freshwater uxes due to excess rainfall lower salinity and have potential impact
on mixed layer stratication. Under light wind conditions when the thermo-
cline is deep, excess freshwater at the ocean surface creates a low-salinity layer
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thereby inhibiting vertical convection and mixing. This also applies to high up-
welling regions such as the coasts and the cold tongue regions. Conversely, ex-
cess evaporation due to solar incidence lowers sea surface temperature and en-
hances convection (Carton, 1991).
The closed northward boundary of the Gulf of Guinea may result in seasonal
wind variability that directly aects ocean-atmosphere forcings. Equatorial Kelvin
waves bring sub-thermocline waters to the near surface, where the thermocline
was already shallow. At the same time, freshening from river runo and up-
welling changes the density structure of the mixed layer considerably.
The subtropical cells (STCs) are shallow overturning circulations conned to
the upper 500m (Schott et al., 2003). The Atlantic STCs connect the subtrop-
ical subduction regions of both hemispheres to the eastern equatorial upwelling
regimes by poleward surface ows and equatorward thermocline ows(e.g. Houghton,
1991; Liu et al., 1994; Malanotte-Rizzoli et al., 2000; McCreary Jr and Lu, 1994).
Their existence implies that any measure of STC strength must be dened pole-
ward of the tropical cell (TC) convergences, that is, closer to the dynamical in-
tersection between the tropics and subtropics (near 8-10N) (Schott et al., 2003).
The primary function of the STCs is to provide cool subsurface water that is
required to maintain the tropical thermocline (Hormann and Brandt, 2007). It
was hypothesised (Schott et al., 2004) that STC variability could be related to
decadal modulation of El Nio Southern Oscillation (ENSO) and may aect At-
lantic equatorial SST. The EUC is the main branch of the STC that seems to
terminate near the eastern boundary (Schott et al., 2004). It is therefore, im-
portant to study the variability of the EUC properties as it can aect ocean-
atmosphere circulation through upwelling.
Various authors (Hazeleger et al., 2003; Philander and Pacanowski, 1986) have
examined from a variety of model studies the seasonal cycle of the equatorial
Atlantic, and has been generally accepted to be characterized by two maxima:
the major one during northern summer/autumn and another during northern
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Atlantic during the boreal summer are well correlated with rainfall variability
(Chang et al., 2006; Giannini et al., 2003; Kushnir et al., 2006; Xie and Carton,
2004). These correlations suggests a potential for predictability of rainfall (Hor-
mann and Brandt, 2007). The SST can vary based on many conditions, such
as due to wind-induced, currents having contact with shallow bathymetry and
change in density due to dierent water properties.
The objective of this chapter is to characterise the core depth of the equatorial
undercurrent (EUC) to observe changes at sub-seasonal to annual time scales at
four dierent chosen locations in the region: with EUC along the equator and
its o-equatorial branches, the north and south equatorial undercurrents (NEUC
and SEUC) respectively. The impact of wind forcing and its inuence on the
core depth of the EUC and the resulting consequence to local oceanic and atmo-
spheric circulation is further examined.
This chapter employs four datasets, namely: Argo oats, PredIction Research
moored-Array in the Tropical Atlantic (PIRATA) mooring, Sea Surface Height
(SSH) from altimetry and QuikScat wind data.
This chapter is organised as follows: 5.2) Methods 5.3) Results, 5.4) Discussion,
5.5 Summary.
5.2 Methods
5.2.1 EUC core depth
The EUC is a water mass and it can be identied with its unique characteris-
tics. This is possible with the use of Argo proles and PIRATA mooring data
sets. Argo oat data having 10-day cycles were chosen at four locations shown
in gure 5.1. The number of cycles chosen represents the same sampling period
for each oat. This corresponds to a period of 2 years spanning August 2006 to
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to two years data in the region as of this period of investigation. The purpose
of this choice lies on the advantage of calculating covariability of NEUC, EUC
and SEUC simultaneously. PIRATA mooring data that allows a simultaneous
investigation of temperature, salinity and currents is used. The data used cov-
ers the period of May 2005 to June 2006, and that supplements investigations
conducted using Argo data.
Figure 5.1. Argo oat trajectories at the chosen locations. The oats
are A (3-7N,18-24W), B (0-4N,7-15w), C (0-3N,1W-7E) and
D (6.5-7.5S, 9-14W). Cycles chosen represent the period of 28 July
2006 to 8 August 2008 for each oat. Trajectories start from the dark
circles and end in the light grey. Argo identication number for each
oat is shown. PIRATA mooring located at 0N/23W is shown by an
arrow.
The EUC core depth is calculated as salinity maximum, while Antarctic Inter-
mediate Water (AAIW) is calculated as salinity minimum. During computa-
tions, pressure is converted to depth using the standard UNESCO algorithm for
seawater properties (Gill, 1982; Jackett and Mcdougall, 1995).Chapter 5. Water properties 73
The EUC core depth is compared with wind anomalies as well as Ekman pump-
ing velocity. To estimate surface wind stress, , for each scatterometer 10-m
wind vector, the bulk formula based on Smith (1988) is used.
 = x;y = CdWu;v;
where g, u and v are scatterometer wind speed, zonal component and meridional
wind components respectively.  is the density of surface air equal to 1.225kgm 3.
Cd is the drag coecient. The magnitude of the stress at the ocean surface can
be calculated from the square of the wind speed at 10m above sea surface (W):
jj = CdW
2;
There have been many estimates of Cd. I have selected the one published and
recommended by Smith (1988), which has been chosen by the World Ocean Cir-
culation Experiment (WOCE) community. Details can be found in Piolle and
Bentamy (2002).
5.2.2 Water mass properties
Water mass properties are calculated based on initial knowledge of their proper-
ties. Proles of Argo temperature and salinity are used to calculated Temperature-
Salinity (T-S) diagram. The diagram shows the relationship between tempera-
ture and salinity. Isopleths of constant density are also drawn on the diagram
as useful additional information in identifying water masses and their distribu-
tion characteristics. Mean and seasonal variability of the water masses are then
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5.2.3 Vertical stability
To determine variability of water at the oat locations, I calculated potential
temperature () and density () at the water column. To investigate the static
stability of the water column, the Brunt-V ais al a frequency (BVF) is calculated
at the Argo oat sites for all proles (Millard et al., 1990). This calculation is
based on the UNESCO standard seawater library (Gill, 1982; Jackett and Mc-
dougall, 1995). The BVF is one of the most important descriptors of oceanic
vertical structures. It relates to oceanic internal gravity wave properties and
provides useful explanation on oceanic stability. That is the frequency at which
a vertically displaced parcel of water will oscillate within a statistically stable
environment (Okamoto et al., 2010). In the ocean, where density is not a linear
function of temperature, it is given by
N =
s
 
g

d
dz
;
where g is the acceleration due to gravity,  is the density of sea water and z is
depth. Higher values of BVF indicate stronger stratication in the water col-
umn.
5.2.4 Spectral analysis
Sea surface height data from altimetry, and QuickScat scatterometer wind data
were averaged within each box of oat sampling to form a time series contem-
poraneous with the oats. The interrelationships between these temporal time
series are analysed using spectral and coherence techniques based on Fourier,
that allow the changes to be decomposed and studied as a function of frequency.
Coherence analysis considers discrete signals and identies patterns of relation-
ships, while cross power spectral density show energy of correlation at each fre-
quency. The phase relationship identies the direction of relationship between
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The coherence function nds the magnitude squared coherence estimate of the
input signals x and y using Welch0s averaged, modied periodogram method.
The magnitude squared coherence estimate is a function of frequency with val-
ues between 0 and 1 that indicates how well x correlates to y at each frequency.
The cross power spectral density (CPSD) is the distribution of power per unit
frequency and it works also using Welch0s averaged, modied periodogram method.
Details are found in appendix A.
5.3 Results
5.3.1 Temporal variability of the core depth of EUC
The time-depth salinity proles at the four Argo locations are shown (Figure
5.2). The core depth of the EUC, represented by salinity maximum is shown in
white lines. Seasonal variability of the EUC is observed at all oat locations,
with varying magnitudes of salinity. Low frequency variability in the tropical
Atlantic that dominates the mixed layer is primarily induced by uctuations of
wind. Therefore, suppressing and lifting of the thermocline is heavily inuenced
by the seasonal winds. The magnitudes of inuence also depend on location and
time of the year.
The NEUC (A) shows strong seasonality and follows closely the shoaling of the
mixed layer during winter/spring of 2007 and 2008. As previously noted by
Okumura and Xie (2006), the equatorial region slowly warms up until March
after the cold tongue reaches its maximum in July-August. This decreases the
density of the mixed layer, and hence raises the thermocline. The core depth
however deepens when tropical instability waves (TIWs) mix the thermocline
around August. The zig-zag nature of the core depth during June-July-August
is due to an increase in meridional ow that are associated with the instability
waves. Maximum salinity is observed from winter-summer of 2007, which is notChapter 5. Water properties 76
Figure 5.2. Time-depth salinity proles at the four Argo locations (A, B, C,
and D) shown in gure 5.1. The core depths of the EUC, represented by
salinity maximum are shown as white contours.
reected in 2008, suggesting that the NEUC is stronger along 5N, and weaker
north or south of it (see trajectory positions in gure 5.1 -A).
The core depth of EUC at B shows strong near-surface signature of salinity dur-
ing autumn and winter of 2006. This does not seem to be the case in 2007, in-
dicating an interannual variability of the EUC. Strong mixing especially at the
mixed layer due to the presence of TIWs can signicantly reduce the magnitude
of salinity at the EUC, and the acceleration of meridional currents during the
presence of the waves could slow the EUC. The EUC at B predominantly main-
tained an average depth of 60m, with salinity of 36.0.Chapter 5. Water properties 77
The EUC slows when close to the coast, hence by contrast its variability at C
will signicantly dier from that at B. Shoaling of the thermocline is observed in
winter/spring of both 2006 and 2007. In both seasons, the EUC almost reaches
to the surface owing to its northward and southward retroection as it reaches
land boundaries of the Islands of S~ ao Tom e and Pr ncipe. Because of the large
seasonal cycle of the easterly winds, the eastward zonal pressure gradient force
that drives the EUC helps in setting up the EUC with strong seasonal cycle
in the eastern tropical Atlantic as observed previously by Stramma and Schott
(1999). However, this could not completely explain the seasonal variability of
the EUC at the extreme end of the tropical Atlantic, in this case, C. Other fac-
tors mentioned, such as the shoaling of the thermocline and the inux of fresh
water from two big rivers as well as increased rainfall may determine the pri-
mary cause of the seasonal variability at C. Excessive fresh water ow from
August-November is responsible for the decrease in salinity in the already shal-
low EUC (Figure 5.2 - C).
The core at D (SEUC) is relatively neutral to seasonal variations compared
to A, B or C. Weaker core implies stronger meridional ow, weaker zonal and
strong mixing. That means the zonal EUC if perturbed by a meridional ow
carrying fresh water can both be slowed and mixing enhanced of dierent water
properties. The average depth of the SEUC is 65m, and interannual variability
is observed when August-October of 2006 is contrasted with that of 2007. The
protrusions observed in December 2006 and May 2007 (Figure 5.2 - D) are arte-
facts created by pressure error by the oat as documented on Argo homepage.
5.3.2 Seasonal variability of water mass properties
As a next step, I look at the annual and seasonal mean temperature-salinity (T-
S) properties of the four locations to possibly detect water mass properties and
their variability using Argo oat data. Variability in thermocline water forma-
tion is particularly relevant to ocean-atmosphere processes. Warming and cool-
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the mixed layer. The depth of the thermocline is determined by both vertical
and lateral current shear and by density gradients. Here, I use density gradi-
ents derived from temperature and salinity proles to aid in the identication
of water masses and their properties. The mean annual T-S diagram (gure 5.3,
table 5.1) shows water mass properties at the four locations. The two curves
of salinity maximum and salinity minimum show the equatorial undercurrent
(EUC) and the Antarctic Intermediate Water (AAIW) respectively. A signicant
dierence is observed between the northern and the southern branches of EUC
(NEUC-A) and (SEUC-D) respectively. Studying the variability of the EUC is
the main focus of this section.
Figure 5.3. Time-averaged temperature-salinity (T-S) for 2007 period
showing mean positions of the EUC at each location. The T-S plots
of A and D represents the Northern and the Southern EUC branches
(NEUC and SEUC) respectively, while B and C represents the EUC
along the equatorial waveguide.Chapter 5. Water properties 79
Seasonal uctuations are observed at all stations (gure 5.4, table 5.2). There
are two key factors for explaining this variability: 1) the inuence of seasonal
cold tongue upwelling that causes freshening by destabilising the salinity core,
2) the increase in wind divergence at the SST frontal zone of tropical instability
waves. At station A, the properties of NEUC changes considerably in all sea-
sons, with spring having a signicant decrease in salinity from 36.1 to 35.7 psu.
There is also a relative decrease in temperature compared to other reasons.
Table 5.1. Mean water mass and current properties from T-S diagram
Water mass Temperature Salinity Density
(C) (psu) (kgm 3)
Antarctic Intermediate Water (AAIW) 5 34.6 27.3
Equatorial Undercurrent (EUC) 17 35.8 25.6
North Equatorial Undercurrent (NEUC) 21 35.7 25.0
South Equatorial Undercurrent (SEUC) 24 36.2 24.4
However, during boreal summer and autumn, salinity decreases due to fresh wa-
ter ux that relatively increases density (Table 5.2). Little of this eect is ob-
served in the South Equatorial Undercurrent (SEUC- position D), which recorded
very little change in temperature and salinity (see gure 5.4 prole D). This
demonstrates that variability of water properties at this location (D) dier from
those along the equator or north, where tropical instability waves and an in-
crease in meridional current (not shown) have potential impact on near surface
circulation. Wave activity of the scale of TIWs is absent south of the equator,
and the dominant processes that impacts on the SEUC are the southeast mon-
soon winds that creates strong divergence, and the south equatorial current.
Caveats similar to those observed in A apply also to the EUC (stations B and
C), however, seasonal variability at C dier when contrasted with B. While both
lie within the inuence of the seasonally varying cold tongue and wind diver-
gence due to SST signatures of TIWs, the C region is aected in addition by the
inux of freshwater from river input. The inputs from Niger and Volta rivers
would signicantly aect the density structure of the water column and hence
the EUC. As the EUC approaches the east toward its termination (C), shallow
bathymetry supplements to its variability. The inuence of cold tongue when itsChapter 5. Water properties 80
Figure 5.4. Time-averaged seasonal temperature-salinity (T-S) for 2007
period showing mean positions of the EUC at each location. Winter
(December-February), spring (MAM), summer (JJA) and autumn
(SON). The T-S plots of A and D represents the Northern and the
Southern EUC branches (NEUC and SEUC) respectively, while B and
C represents the EUC.
fully matured in autumn, surface cooling due to the strengthening of the south-
east monsoon winds coupled with freshening from rivers results in colder and
low saline EUC in autumn and winter (Figure 5.4 - C).
Table 5.2. Seasonal density averages of the Equatorial Undercurrent T-S
properties
A B C D
(kgm 3) (kgm 3) (kgm 3) (kgm
 3)
Winter 24.2 24.0 25.8 24.9
Spring 23.8 25.2 25.6 24.3
Summer 24.4 25.7 25.5 24.9
Autumn 24.5 25.9 26.0 25.0Chapter 5. Water properties 81
In spite of the similarity between the four regions of EUC, there are some dier-
ences between their density values that dier each season and at each location
(Table 5.2). For example, the minimum values of the seasonally averaged den-
sities are at isopycnals of: A (=23.8 - spring), B (=24.0 - winter), C (=25.5
- summer), D (=24.3 - spring) respectively. Interestingly, the inuence of the
cold tongue waters and divergence at the SST frontal zones of TIWs lowers the
temperatures and increased the density at all stations in autumn (Table 5.2).
The AAIW, however is less inuenced and maintained fairly the same struc-
ture with salinity 34.5 and temperature of 5C, except in A, where it recorded
salinity to 34.7. This explains a possible interaction of the AAIW and the North
Atlantic Deep Water (NADW), which carries the highly saline but cold Mediter-
ranean waters that ows southward between 1200 and 4000m. Fluctuations ap-
parent in the seasonal variability of the AAIW at D are insignicant.
5.3.3 Potential temperature, density and buoyancy frequency
Temperature and density proles (Figure 5.5) show strong variability due to
vertical uctuations of the thermocline. The core depth of the EUC follows ap-
proximately 27C isotherm and 25 kgm 3 isopycnals. Variability in the vertical
uctuations of the thermocline is also reected in the Brunt-V ais al afrequency
(BVF). Higher values of BVF indicate stronger stratication in the water col-
umn. The simultaneously low density and warmer water in winter and spring of
2008 results in relatively high BVF (> 0.0015 s 1) in the upper layer. This ex-
plains a stratied water column due to less turbulent activity. This is because
the seasonal winds are weaker, and warming of the mixed-layer layer continues.
This can have a vital impact on biological activity. A signicant interannual
variability is observed, considering that the high BVF is only observed in 2008
and not in preceding years. A suppressed thermocline observed in August 2007
might explain the eect of TIWs and/or wind burst.Chapter 5. Water properties 82
Figure 5.5. Proles of potential temperature ( C), density (- kgm 3)
and Brunt-V ais al a frequency (N-cycles/hr) for oat A. The depth of
salinity maximum (EUC core) are shown as white contours.
The core depth of the EUC at position B shows weak seasonal changes (Figure
5.6) with high frequency (monthly) variability. However, the mixed layer indi-
cates evidence of warming in spring of both 2007 and 2008, with corresponding
low density along the water column. This is reected in the BVF plot, show-
ing stratied water column. Seasonal temperatures are well above 30C at the
near surface, giving rise to the development of a seasonal thermocline during
the boreal summer of 2007 and 2008. Toward the end of summer, the southeast-
erly winds respond to these temperatures, which by means of vertical convection
leads to mixed layer depth to gradually deepen and suppress the EUC. This con-
tinues until the end of boreal winter by completely eroding the seasonal thermo-
cline and nally homogenising the water column.Chapter 5. Water properties 83
Figure 5.6. Proles of potential temperature ( C), density (- kgm 3)
and Brunt-V ais al a frequency (N-cycles/hr) for oat B. The depth of
salinity maximum (EUC core) are shown as white contours.
Strong seasonality is observed in C (Figure 5.7), with the EUC core uctuat-
ing approximately every three months. These undulations of the core follows
the isotherm of 20C and an isopycnal of 25kgm 3. Interestingly, warmer and
less dense mixed layer are not restricted to spring compared to A and B. The
BVF shows stratication and mixing of water column uctuating between 5-
45m depths, indicating a seasonal variability at the ocean-atmosphere interface.
When the ITCZ is close to the equator in boreal winter, the top layer is strati-
ed, and when it shifts north or south, seasonal winds accelerates and that fa-
cilitates mixing. This variable mixing scenario may aid in contributing to the
speed of the underlying EUC, but to a minimal scale due to geostrophic break-
down at the equator. A rapid eastward weakening of the EUC after 4W wasChapter 5. Water properties 84
Figure 5.7. Proles of potential temperature ( C), density ( -kgm 3)
and Brunt-V ais al a frequency (N-cycles/hr) for oat C. The depth of
salinity maximum (EUC core) are shown as white contours.
observed by Hisard and H enin (1987) to occur during summer and autumn than
during winter and spring. This implies that the deeper penetration of the EUC
into the Gulf of Guinea due to stratication allows the EUC to accelerate, and a
reverse scenario occurs when the water column is mixed.
The oat at D (Figure 5.8) shows warmer mixed layer during the rst half of
each year, and cooler the rest of the year that is attributable to the positioning
of the ITCZ corresponding to the weakening of seasonal winds. The warming
(cooling) is reected in the low (high) density proles that control the positing
of the EUC core depth. Protrusions that appear in December 2006 and May
2007 are artefacts due to pressure error of the Argo oat. The SEUC core inChapter 5. Water properties 85
Figure 5.8. Proles of potential temperature (   C), density( -kgm 3)
and Brunt-V ais al a frequency (N-cycles/hr) for oat D. The depth of
salinity maximum (EUC core) are shown as white contours.
this region did not show any seasonal variability, except high frequency variabil-
ity appearing during the summer/autumn 2008 that suggests a response from
the overlying mixed layer. The SEUC is less aected by the TIWs due to their
weak nature south of the equator. At 7S, mixed layer properties are inuenced
only by the southeast trade winds and the major surface current is the south
equatorial current, and the strengthening and weakening of these result only
on limited turbulence. Therefore, the SEUC maintains a regular depth of 40-
80m. The BVF show strong mixing throughout the year except in boreal win-
ter/spring. This mixing is attributable to wind stress of the monsoon. In the
absence of the winds, stratication is observed. Stratication observed in win-
ter/spring of both years is associated with weakening of the monsoon winds andChapter 5. Water properties 86
the zonal pressure gradient initiated from the western basin.
Figure 5.9. Time series of detrended sea surface temperature anomalies
at the boxes shown in Figure 5.1. The data is based on 3-day averaged
TMI SST data corresponding to the period covered by the Argo oats.
To help understand the link between the EUC and the mixed layer variability,
it is paramount to assess the surface temperatures of the chosen boxes (Figure
5.1). These are shown in gure 5.9. While zonal and meridional temperature
gradients of SST easily changes due to advection and evaporation, their time
evolution explains the inux of heat in and out of the thermocline. Sea surface
temperature anomalies at the NEUC (A) show warmer waters in winter/spring
of all years and exceptionally in 2008. This explains the stratication observed
from the Argo proles (Figure 5.5c), indicating the impact of the surface tem-
peratures at the ocean-atmosphere interface to the EUC. Strong SST anomaly
in spring/summer of 2007 and 2008 shown at B also reects on the stratication
observed in the corresponding Argo plot (Figure 5.6c).
5.3.4 Seasonal variability of the EUC at 0N/23W
Seasonal variability of the EUC at a PIRATA mooring at 0N/23W is studied
to advance earlier investigations. The mooring, tted with temperature, salinity
and ADCP sensors provides a contemporaneous investigation of time variability
of water properties at that location. However, the only valid ADCP data for the
mooring is between mid-2005 to mid-2006, and can give supplementary informa-
tion even though time overlap is not possisble.Chapter 5. Water properties 87
Strong mixing is observed from both temperature and salinity proles during
the summer of 2005 (gure 5.10a,b), which occurred due to the strengthening
of the southeasterly winds. A corresponding circumstance is also observed in
winter that explains the impact of northeasterly winds that strengthens while
the Intertropical convergence zone already shifted southward.
Figure 5.10. Proles of potential temperature (C), salinity (psu) and
density (kgm 3) at a PIRATA mooring station located at 0N/23W.
Mixed layer depth (MLD) at the station is represented by a black line
on the density prole. The data ranges from 28 May 2005 to 14 June
2006.
The core of the EUC (Figure 5.10b) maintains approximately the same positions
throughout the period (mid-May 2005 to mid June 2006), with a depth of 60m.
This is reproduced in Argo prole B shown in gure 5.6, but in contrast to Argo
prole C shown in gure 5.7. In winter and spring, the EUC shows a remark-
ably high salinity of about 36.0 psu, which coincides with high temperatures in
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Argo oat B, that when the ITCZ is close to the equator, SST peaks and strat-
ication enhances. The consequence is the shallowing of the mixed layer depth
(MLD) (gure 5.10c). This unique pattern along the equator suggests the pres-
ence of equatorial waves, particularly Kelvin waves.
PIRATA velocities are shown in gure 5.11, and no data areas are marked by
empty (white spaces). At 0N/23W, the mixed layer is characterised by strong
zonal ow with a marked dierence in August 2005. An enhanced meridional ve-
locity greater than 50cms 1 is also observed in August 2005 that is associated
with the tropical instability waves. This enhances the shoaling of the EUC ob-
served in the zonal velocity and the potential temperature (Figure 5.10).
Figure 5.11. Zonal and meridional velocity at a PIRATA mooring sta-
tion located at 0N/23W. The data ranges from 28 May 2005 to 14
June 2006, corresponding to the temperature and salinity proles in
Figure 5.10. Note the dierence in scale bars.
The zonal currents (Figure 5.11) show remarkably strong eastward velocities
of the EUC throughout, with maxima reaching up to 130cm/s. This is more
than twice the magnitude observed in the meridional component. However,
in August 2005 strong near-surface currents are observed in both zonal and
meridional components. This is attributable to inux of the cold tongue (Figure
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bring a shear between the currents. These currents are associated with the trop-
ical instability waves. The shallowing of the EUC during winter/spring of 2006
is attributable to the weakening of the trade winds that maintains the EUC
depth. Fluctuations of meridional velocity are observed in November/December
2005 and that explain the restoration of the near-surface circulation when the
North Equatorial Countercurrent ceases to exist in December. At this point, the
stronger northward velocity typical of summer season is weakened by another
stronger southward ow associated with strengthening of the northeast trade
winds prior to winter.
5.3.5 Spectral analysis of the core depth of EUC and SSH
To assess the relation between the EUC core and the sea surface height varia-
tions, cross spectral analysis are carried out to investigate the relationship be-
tween the EUC core and the sea surface height (Figure 5.12). This is the rst
time this investigation is done in this region to my knowledge.
At all locations, the EUC core and the SSHA shows higher coherence at 364
day, having higher power (CPSD), indicating an annual cycle related to the
cold tongue variability. That means the seasonal cycle of the cold tongue have a
substantial eect on both the EUC and SSHA. The phases in A and B at these
frequencies indicate SSHA as westward cyclones, while EUC as eastward ow.
Strong coherence observed at 33-day, with weaker power and slightly westward
SSHA cyclones. High coherence at sub-seasonal scales is also observed at oats
A, B and C. Those at the periods of less than 40 days are associated with the
seasonal tropical instability waves. This means that the waves could have a sub-
stantial impact on the variability of the EUC through temperature advection as
studied in chapter 4. A clear distinguishable variability at sub-seasonal scale is
absent at oat D, and this is because the waves are weak south of the equator.Chapter 5. Water properties 90
Figure 5.12. Coherence squared amplitude, cross power spectral density
(CPSD) and phase spectrum of the depth of salinity maximum of the EUC
(EUC core) and sea surface height anomaly (SSHA). Data is for the period
covered by Argo oats. Both coherence and CPSD are estimated via Welch
periodogram using Hamming window.
5.3.6 The core depth of the EUC and winds
Investigations on the inuence of seasonal winds on the EUC core is advanced
by studying its relationship to various wind components. This will aid in expla-
nation of how the core is inuenced by the overlying atmosphere. The oceanic
response to winds is more closely related to wind stresses components than the
winds themselves. I therefore, calculated wind speed, wind stresses, wind stress
curl and Ekman pumping velocity from QuikScat scatterometer winds averaged
at the four oat locations.
Contrasting the core depth of the EUC, NEUC and SEUC (Figure 5.13) show
remarkably similar signatures between oats A and B. However, oat C show an
apparent shallowing in all seasons with signicant interannual variability that
reects in the Brunt-V ais al a frequency (Figure 5.7). This is reected in highChapter 5. Water properties 91
Figure 5.13. Time-averaged core depth of the EUC at the four oat locations
and wind (see legend). Left panel represents the core depth, zonal and merid-
ional wind stress elds (Taux and Tauy). Right panel represents wind stress
curl, wind speed and Ekman pumping velocity. Due to the diminishing of
the Coriolis close to the equator, Ekman pumping is calculated at 1 degree
latitude away from the equator. This is ok considering a small area average.
zonal wind stress, Taux comparable to other oats. This suggests that, although
the EUC become weaker along the zonal direction due to closeness to the con-
tinental boundary and shallow bathymetry, the zonal winds could still inuence
its variability. This is by helping to raise the thermocline through divergence
and distributing the salty water at the near surface. The meridional compo-
nent (Tauy) of C is comparatively weaker than other Tauy in the other regions.
Earlier studies by Hormann and Brandt (2007) showed that the EUC become
weaker along the zonal direction from west to east. During the boreal summer
(JJA), meridional winds are generally stronger for A, B and C oats, and that
result in strong divergence (weaker wind stress curl) and high Ekman pumping
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5.4 Discussion
One clear implication of the variability of EUC is that it is inuenced by the
current and temperature anomalies along the equatorial pathway. However, its
northern and southern branches, NEUC and SEUC do vary but according to
the circulation patterns typical of those regions. For example, the NEUC is af-
fected by both the SEC and the NECC. The NECC only appear in July and
ceases to exist after November. Both SEUC and NEUC are equally important to
the equatorial circulation. For example, Hormann and Brandt (2007) found out
that both the EUC and SEUC do contribute to the equatorial upwelling east of
10W. The EUC at B in particular exhibit strong signatures during the last half
of 2006. This is in response to summer easterly wind acceleration that speeds
up the south equatorial current (Richardson and McKee, 1984) and increases
equatorial upwelling (Helber et al., 2007). This raises the thermocline as much
as 30-40m (Houghton, 1983; Lamb and Peppler, 1992). The EUC maximum in
spring of both 2007 and 2008 is induced by enhanced equatorial ventilation by
extra tropical winds (Arhan et al., 2006), while fall maximum is attributable
to westward winds and zonal pressure gradient along the equatorial band (Gi-
arolla et al., 2005). Both NEUC and SEUC derives their sources from North
Brazil Undercurrent (NBUC) (Bourl es et al., 1999) with other contributions
from Guiana Undercurrent via retroection of North Brazil Current and north-
ern branch of South Equatorial Current (nSEC) (Stramma and Schott, 1999).
The variability of the EUC in the eastern tropical Atlantic is quite unique. Fresh-
ening from heavy rainfall, outputs of Volta and Niger rivers, shallow bathymetry,
wind stress and its retroection are complicated and that causes a change in
density and stratication. In previous studies based on model outputs, Carton
(1991) observed that seasonal changes in net fresh water ux do alter sea surface
temperature by 0.1C, but the value is too small to signicantly alter the ex-
change of heat across the ocean surface. However, the eects are larger in areas
of river discharge and at the base of the mixed layer (Carton, 1991). This could
however alter temperatures and heat in the gulf being a semi-closed region.Chapter 5. Water properties 93
Generally, year-to-year variability occur at all Argo oat sampling regions, and
the EUC is found to outcrop due to weakening of the northeast and southeast
winds. This is more prominent at oat C, and that occurs in winter/spring pe-
riod when the ITCZ is on average along the equator. This is in agreement with
previous studies (Giarolla et al., 2005) where the EUC was found to shallow
due to the weakening of the trade winds. It was explained by Philander and
Pacanowski (1986) that, should the trade winds, which maintain the EUC ex-
perience weakening, an unbalanced pressure force would force to the EUC to
shallow as a surface current.
5.5 Summary
In this chapter, water properties of the equatorial undercurrent and its branches
at various locations have been studied while employing a suit of observed in
situ and satellite data sets. At all locations, an annual cycle related to the cold
tongue had signicant coherence with sea surface height, indicating a direct rela-
tionship between the EUC and the surface dynamics. A summary of my ndings
is as follows:
I show that the equatorial undercurrent becomes shallower east of the basin in
the Gulf of Guinea due to its proximity to land and shallow bathymetry. The
strong shear between these currents and surface currents could enhance vertical
turbulence and diusion through the core. This surpasses stratication due to
intense solar heating which by itself, supported by weakening of seasonal winds
during winter and spring seasons. By implication, biological activities could
be enhanced due to ease of penetration of oxygen down the core and nutrients
reach the surface easily. Anomalies of this shear, especially between Guinea Cur-
rent and the retroecting northern branch of equatorial undercurrent could per-
turb circulation and create waves that impact the coastal regions.
I showed that the presence of year-to-year variability of the EUC at all Argo
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with the strengthening (weakening) of the trade winds respectively. The sea-
sonal variability of the EUC at its various branches is due to both the presence
of waves and/or wind forcing of the trade winds.
Results from spectral analysis suggest that the driving force of the cold tongue
that is the southeasterly winds has greater implication on the covariability of the
EUC and the sea surface height anomaly. The annual cycle dominates the west-
ward surface SSHA and the eastward EUC. This demonstrates that both are
modulated by the changes in water properties associated with the cold tongue.
Temperature advection of tropical instability waves could aid in the variability
of the NEUC and EUC, but that eect is absent at SEUC due to the weak sig-
natures of the waves south of the equator (Figure 5.12). The waves warm SSTs
east in the Gulf of Guinea through temperature advection anomalies as studied
in chapter 4.
At 0N/23W (Figure 5.11), the mixed layer is characterised by strong zonal
ow with a marked dierence in August 2005. An enhanced meridional velocity
greater than 50cms 1 is also observed in August 2005 that is associated with the
tropical instability waves. This has enhanced the shoaling of the EUC observed
in the zonal velocity and the potential temperature (Figure 5.10).
I observed that the shoaling of the mixed layer depth (MLD) associated with
weaker trade winds and positioning of the ITCZ close to the equator is observed
from PIRATA mooring data. Mixing at the near-surface due to shear of zonal
and meridional velocities helped maintain the EUC depth at 60m, but weak-
ened in its zonal ow.
In the Gulf of Guinea, shallowing of the EUC does not depend solely on the
trade winds, but on the bathymetry and freshwater uxes from Rivers Niger and
Volta that inuences the density structure. Anomalous transport of the EUC
therefore, will have consequential eects on coastal circulation and the tidal con-
stituents. However, studying water properties and density variations especially
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river runo due to high rains could lead to anomalous circulation. Rainfall vari-
ability in the region is the focus of chapter 6.CHAPTER 6
Impact of Sea Surface Temperature on
rainfall
6.1 Introduction
The West Africa and Sahel regions experience uctuations in rainfall that vary
latitudinally, and these have been attributed to changes related to oceanic, at-
mospheric and orographic forcings. Long-term droughts have aected the region,
with total amount of precipitation reducing at interannual and interdecadal
scales during the second half of the 20th century (Benson and Clay, 1998; Nichol-
son, 1993; Nicholson and Palao, 1993). The unreliability of rainfall in these re-
gions has a large impact on the continental hydrological cycle, water resources,
economy, health as well as food security (Le Barb e et al., 2002). Research on
rainfall variability has been the preoccupation of scientists for the last three
decades in these regions.
The known mechanisms aecting rainfall over the two regions include forcing at:
a) sub-seasonal scales e.g. equatorial waves, enhanced moisture supply, delay in
the monsoon winds etc and b) seasonal to inter annual which includes Pacic El
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Ni~ no due to Pacic impact on Atlantic wind stress elds, Quasi-biennial Oscilla-
tion (QBO), Madden-Julian Oscillation (MJO), strengthening of low-level mois-
ture convergence from westerly winds, weakening of north-easterly dry winds,
inuence of orography etc.
Several hypotheses have been put forward (Cook and Vizy, 2006; Grist and
Nicholson, 2001) to explain the causes of rainfall anomalies in these regions, and
whether local or global sea surface temperatures (SSTs) can modulate rainfall
in both the Sahel and West Africa. I aim to understand the response of West
Africa and Sahel rainfall with respect to particular SSTs from 12 years of ob-
served data in the region and elsewhere for the purpose of predictability. I fo-
cus mainly on the inuence of SST on sub-seasonal to interannual variability of
rainfall in the region. The Gulf of Guinea SST is prioritized in this study due
its inherent inuence on the climate of West Africa and the Sahel. The motiva-
tion here is to build on previous studies by answering the following questions:
What are the scales of the impact of Gulf of Guinea SST over West Africa and
Sahel rainfall? What are the scales of teleconnection between Pacic El Ni~ no,
Benguela Ni~ no and Mediterranean SST with rainfall patterns over West Africa
and the Sahel if any? Is there any connection between drought/ooding over
West Africa and the Sahel regions and SST anomalies in the Gulf of Guinea?
Various studies have been dedicated to rainfall variability in the region but mainly
focusing on decadal variability from atmospheric models due to the paucity of
observed data (e.g Fontaine et al. (2010); Jenkins (1997)). Others made use of a
very few station data to corroborate their ndings from numerical models, while
some studies employed observations that covered a brief period (e.g. Biasutti
et al. (2003); Gu and Adler (2004); Maloney and Shaman (2008)). This present
analysis uses observational data only that spans a period of 12 years from 1998
to 2009. These data include Tropical Rainfall Measuring Mission (TRMM) pre-
cipitation radar (TRMM3B42 v6.1) data that covers land and ocean, TMI (TRMM
Microwave Imager) SST data and QuikScat scatterometer winds. Each of these
data has a spatial resolution of 0.25 by 0.25 degree and are daily data that are
later averaged to suit various purposes. The quality control of these data hasChapter 6. Impact of Sea Surface Temperature on rainfall 99
Figure 6.1. The boxes shown represents areas under study on
this chapter. The southernmost box is the Gulf of Guinea area
(7S-7N, 10W-14E), the middle is the West African cli-
mate boundary (3-12N, 18W-16E) which has distinct rainfall
characteristics compared with areas north or south of it, and
northernmost box is the Sahel region (12-25N, 18W-16E)
already been discussed in chapter three. Additionally, 2-minute gridded global
relief data (Etop02v2) are used to show geographical features over land.
The plan here is to characterise West Africa and Sahel rainfall together and then
separately, and correlate each with the known mechanisms mentioned above
that are directly linked to SST forcing. Further to this, interannual variability of
rainfall and SST will be analysed to study how they aect each other and their
possible impact on local climate.
This chapter is organised as follows: 6.2) Methods 6.3) Results, 6.4) Discussion,
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6.1.1 The inuence of orography on rainfall
Previous investigations on Sahel and West African rainfall using both numerical
simulations and NCEP data have attributed local and large scale SST forcing to
drought conditions in the region (Polo et al., 2008; Rowell, 2001, 2003; Vizy and
Cook, 2001; Ward, 1998). Based on NASA0s GEOS-1 general circulation model,
the role of orography in determining West African summer climate has been in-
vestigated (Semazzi and Sun, 1997). Results show that orography plays a ma-
jor role in determining the climate of the Sahel as well as the region extending
south across West Africa to the Guinea coast. Over the Sahel, moist air emanat-
ing from southwest region of Atlas-Ahaggar Orographic trough converges along
a zonal axis with hot and dry northeast air, resulting in the strengthening of the
ITCZ. The model shows a wetter Sahel in the presence of orography than in the
absence of it. However, by subjecting the model to a particular year of drought
(eg 1973), a weaker orography-induced rainfall dipole was observed, with drier
conditions over the Guinea coast and wetter Sahel that was associated with the
northward location of the ITCZ. Generally a permanent orography-induced rain-
fall dipole pattern over West Africa has been observed.
Even though most of West Africa and the Sahel are free of steep slopes, the
Ahaggar Mountains (gure 6.2) could exert a signicant control on atmospheric
circulation and convection of the ITCZ (Sultan et al., 2003). In a similar study
(Allersma and Tilmans, 1993), the Cameroon Highlands (gure 6.2) were found
to have the highest rainfall record of up to 11,000 mm per year. This is attributable
to orography, as the adjoining low areas do not receive even a half of that mag-
nitude.
In this chapter, analysis is based mainly on SST anomalies in the Gulf of Guinea
and rainfall over the West Africa and the Sahel (gure 6.1), with supplementary
investigations to assess possible teleconnection with other SSTs such as the Pa-
ci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Figure 6.2. Topographical map of the study area showing location of
Orographic features. Contour interval is 200m. Data used is Etopo2v2.
6.1.2 Gulf of Guinea SST and rainfall
The Gulf of Guinea SST is important in determining rainfall variability over
West Africa (Okumura and Xie, 2004). The seasonal modication of the SST,
especially through the cold tongue leads to an ocean-land temperature gradi-
ent, which then strengthens the West African Monsoon (WAM). In the bound-
ary layer, the Gulf of Guinea controls the moisture convergence of the mon-
soons (Fontaine et al., 2003). Therefore, SST anomalies could lead to signicant
changes in West African rainfall.
The incidence of solar radiation during the boreal summer heats up the West
African continent and creates a gradient of surface pressure. In the atmospheric
boundary layer, the southerly winds are accelerated over the Gulf of Guinea due
to a change in buoyancy (Okumura and Xie, 2004). This leads to equatorial
cooling that favours the southerly monsoon winds, which accelerate and push
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Although, the ocean inuences rainfall over West Africa and the Sahel through
heat uxes, a clear mechanism on how this is done is not yet understood. Gu
and Adler (2004) suggested that, despite the inuence of eastern tropical At-
lantic SST on seasonal rainfall over the Gulf of Guinea, any modication of rain-
fall within the inland are primarily due to many other factors rather than the
monsoons. Giannini et al. (2003) showed that SST variability is instrumental in
determining rainfall variability over the Sahel whereas land-atmosphere interac-
tion acts to amply this through impacting on monsoon winds.
Seasonal variations in surface rainfall and its associated large-scale processes
over the eastern tropical Atlantic and the West African region have been in-
vestigated (Gu and Adler, 2004). Results, based mainly on observed TRMM
products such as SST, water vapour, cloud liquid water as well as NCEP-NCAR
reanalysis, showed two dierent rain bands each being modulated by a dier-
ent physical process. The seasonal cycle of the eastern tropical Atlantic was
found to modulate convection by means of thermal forcing and SST-related
meridional gradients. This however only has an impact on rainfall from the
Guinea Coast extending to 10N. North of 10N, rainfall was found to be mod-
ulated within the ITCZ rain band by various processes. These include moist
convection, African Easterly Jets (AEJs), Tropcial Easterly Jets (TEJs), Low-
level westerly ows and African Easterly Waves (AEWs) during July-September
months.
The interannual variability of rainfall over Africa has been examined. The year-
to-year variability of the Atlantic cold tongue region are well correlated with
West Africa and Sahel rainfall anomalies during JJAS months (Janowiak, 1988).
From composites of rotated principal component analysis, wetter than normal
conditions over West Africa (5-10N) and drier than in the Sahel (north of 10N)
were found to be associated with positive SST anomalies in the south Atlantic.
A reversed scenario occurs when SST anomalies are negative.
Studies from a model gave evidence that the increase in Sahel precipitation is
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similar study (Grist and Nicholson, 2001) indicated that in the years when the
Sahel gains more rain, the low-level westerly winds are also stronger. This sug-
gests that the forcing mechanism responsible for a wetter Sahel is not connected
to warming in the Gulf of Guinea (Cook and Vizy, 2006). Whereas many studies
that support this hypothesis are based on model simulations, and climatologi-
cal records, I aim here to characterise and correlate simultaneously both West
Africa and Sahel rainfall with SSTs at sub-seasonal to interannual time scales.
Since atmospheric GCMs have diculty in explaining the observed drying con-
dition of the Sahel (Cook and Vizy, 2006), observational analysis is important to
address some of these issues.
The dynamical response of rainfall over the southern Sahel has been studied
(Vizy and Cook, 2001). Despite an increase of water vapour content in the south-
ern Sahel due to a warm Gulf of Guinea SST anomaly, the Sahel rainfall was
still low. This is because the low-level southerly monsoon convergence is weak-
ened due to weak land-sea temperature gradient between the southern Sahel and
the Guinea coast. Therefore, moisture convergence is reduced and there is an
increase in vertical motion. Instead of the increase in rainfall being associated
with an increase in low-level moisture convergence, a dierent scenario was ob-
served. The decrease in rainfall relates to low-level subsidence over the Sahel.
The northward low-level monsoon ow was found to have maximum velocities of
about 4m/s, conned below 850hPa and penetrates far north from the Guinea
coast (5N) to 20N (Cook and Vizy, 2006).
A dipole mode of rainfall variability has been observed between West Africa and
the Sahel (Lamb and Peppler, 1992; Lough, 1986), having both dry and wet pat-
terns. A wet (dry) Guinea coast is associated with warm (cold) Gulf of Guinea
SST anomalies and a dry (wet) Sahel. The link between changes in SST in the
Gulf of Guinea and rainfall across the region and the Sahel has been studied for
the purpose of forecasting (Bah, 1987). The results showed that Sahel rainfall
is dependent on Gulf of Guinea SST during the summer (wet) season. Positive
SST anomalies correlate well with rainfall over the Gulf of Guinea and nega-
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The interannual variability of rainfall patterns across West Africa and the Sa-
hel in relation to SST was investigated between 1950-1990 (Fontaine and Jani-
cot, 1996). Analysis showed that, droughts over West Africa are due to a remote
forcing of positive SST anomalies in the eastern Pacic and the Indian Ocean as
well as negative SST anomalies in the Gulf of Guinea. In the same vein, oods
over West Africa are associated with positive SST anomalies in the northern At-
lantic. Sahel region was found to be highly sensitive to changes in remote (Pa-
cic) and local (African and Indian) SSTs (Giannini et al., 2003). Positive SST
trend in the tropical Indian Ocean was found to be the proximate cause of nega-
tive rain events over the Sahel between the 1960s and the 1980s.
The ITCZ is connected to the tropical convection scheme and displays a signi-
cant seasonal cycle in the tropical Atlantic. The rain band being the major sig-
nature of convection follows the seasonal march of the sun on the continents of
the tropical Atlantic and reaches its northernmost (southernmost) position in
July-September (December-February) (Biasutti et al., 2003; Mitchell and Wal-
lace, 1992).
A signicantly enhanced rainfall over the Sahel has been observed to accompany
warmer SST and low Sea Level Pressure (SLP) in the Mediterranean Sea (Ward,
1994). Moisture convergence over the Sahel when the SSTs in the Mediterranean
are warmer has been studied from AGCM simulations (Rowell, 2003). Although,
not much is documented on the relationship of African rainfall with Mediter-
ranean SST based on observed data, I attempt to investigate whether it corre-
lates with rainfall over the Sahel and West Africa.
The analysis of Gu and Adler (2004) gave some interesting results based on the
observed data but that covered only a short period from 1998-2003. Here I use
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6.2 Method
The methodology applied in this chapter vary with respect to analysis being
conducted. Processing applied include both using data with seasonal cycle, as
in the case of climate indices although not all and also spatial rainfall over land.
Signal processing using Fourier is also employed and that is based on non-seasonaly
anomaly data that is devoid of seasonal and long-term means.
6.3 Results
6.3.1 Mean and standard deviation
The long-term precipitation distribution is shown in gure 6.3a. Four regions
stand out as having the largest mean rainfall: the north-eastern part of the Gulf
of Guinea, the north-western Gulf of Guinea, the northern part of equatorial
Atlantic and over south America. Areas with very low rainfall include the At-
lantic Ocean south of 3S, and also north of 15N and the northern Sahel. In
order to quantify the magnitude and spatial distribution of non-seasonal precip-
itation variability, the standard deviation () of precipitation is computed and
plotted (gure 6.3b). Areas with maximum precipitation variability are similar
to those described in the mean gure (gure 6.3a), with precipitation standard
deviation exceeding 1.8mm/day. The maximum standard deviation observed
along the West African coastline corresponds to the Cameroon highlands in the
north-eastern part of Gulf of Guinea, and the Freetown peninsula mountains
around 12W/7N. Orographic forcing contributes to rainfall distribution over
those regions during the boreal summer. Sultan et al. (2003) observed that the
interaction of orography and atmospheric circulation might increase cyclonic
vorticity in the heat low (a low pressure zone with hot air), which stimulates
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The large signal observed in the middle of the Atlantic corresponds to a quasi-
stationary ITCZ position that denes the convective scheme, which largely oc-
curs during the boreal summer.
Figure 6.3. Long-term precipitation and sea surface temperature (SST) dis-
tribution during 1998-2009 a) mean precipitation from TRMM radar, b)
standard deviation of precipitation based on the same data. c) Mean SST
from TMI, d) standard deviation of TMI SST.
The distribution of sea surface temperatures across the region is also calcu-
lated from the long-term mean as shown in gure 6.3c. This shows the quasi-
stationary position of the ITCZ as a band of maximum temperatures. Regions
of high SST areas are seen north of the equator between 0-13N and in a region
around the Brazil coast. The long stretch of SST band north of the equator is
centred at 5N, indicating the position of the climatic thermal equator. An-
other important region is shown with cold temperatures below 20C northwest
of Africa. This is an important region because North Equatorial Current (NEC)
originates from there and carries cold waters toward the equator. A slight sig-
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zone. Ares of high variability in the eastern tropical Atlantic is not similar to
that of the west because the dynamics of both oceanic (e.g. TIWs, cold tongue)
and atmospheric (e.g. southeast and northeast trade winds) are stronger and
seasonally phase-locked in the east than the west.
6.3.2 Spatial distribution of rainfall
To characterise precipitation over West Africa and the Sahel, I use daily mean
elds of TRMM 3B42 version 6 products for a period of 12 years (1998-2009)
with the intent of nding interannual variability of precipitation rates over the
land. The daily data are important because of its resolution in time and space
(0.25 x 0.25 degree), which allows me to examine sub-seasonal changes of rainfall
over land. However, due to individual storms that travel hundreds of kilometres
per day in the tropics, these signals look spurious with very high/low frequency
intervals. All the daily data are considered with values equal or above 1-mm
rainfall. This threshold was chosen because it typically marks the precision of
rainfall measurements and the resolution of many rainfall datasets (Paeth et al.,
2010). Therefore, daily data has been averaged to either 3-daily or monthly be-
fore any analysis in this study.
The 3-daily averages are used to quantify precipitation estimates and these are
shown in gures 6.4, 6.5 and 6.6. Due to spurious signals in the 3-daily means,
negative values were removed and the data are subjected to a 2-d FIR smoothen-
ing lter to capture the necessary signals at their spatial scales. For correlation
and coherence analysis, only monthly averages are used. Moreover, Ward (1998)
provided evidence that the factors controlling rainfall variability at interannual
time scale in this region dier during the wet and dry periods. Therefore, the
averaged 3-day and monthly data provide the means of quantifying changes of
rainfall at sub-seasonal periods.
Rather than considering the Sahel separately from West Africa, TRMM precip-
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Figure 6.4. Variability of zonally averaged rainfall over West Africa
and the Sahel (18W to 16E) from TRMM Precipitation radar based
on 3-day running mean. Precipitation estimates between 0 and 1 are
not shown. Data were ltered by a 2-d FIR lter to remove spurious
signals. Cotour interval is 1mm/day.
interannual time scales. The Sahel here is dened as a region between 12-25N
and 18W-16E. Two peak rain rates each with magnitude of about 10mm/day
manifest in April 1998 within the Guinea Coast and further north in August. As
expected, rains of this magnitude only occur within the connes of West Africa,
and do not extend into the western Sahel. A reduction in rain rate that is far
less in magnitude compared to the following years occurred from June to early
July.
A remarkable rainfall of magnitude of about 11mm/day is observed in June-July
of 1999 (gure 6.4b). This is followed by a dry spell in early August and a sud-
den northward shift of the rain band measuring about 8mm/day and lasting forChapter 6. Impact of Sea Surface Temperature on rainfall 109
Figure 6.5. Variability of zonally averaged rainfall over West Africa
and the Sahel from TRMM precipitation radar. Cotour interval is
1mm/day. Data were ltered as in gure 6.4.
2 weeks.
A distinctly dry spell with precipitation less than 1 mm/day is observed dur-
ing the rst 10-days of February 1998, extending from 7S to 7N. Although this
occurs during the dry season, it is however exceptional compared with the re-
sults of the following years, which recorded between 3-4mm/day. The observed
SST for the time period (gure 6.7) shows SST anomaly of the same magnitude
when compared to the following years of 1999 to 2003. A similar observation is
found in the Hovm oller plots and these will be shown later in the next section.
If SST were below average, it would have been compelling to attribute this cir-
cumstance to cold SST damping in the Gulf of Guinea.
The year 2000 clearly highlights a weaker magnitude and spreading of rains,Chapter 6. Impact of Sea Surface Temperature on rainfall 110
Figure 6.6. Variability of zonally averaged rainfall over West Africa
and the Sahel from TRMM precipitation radar. Cotour interval is
1mm/day. Data were ltered as in gure 6.4.
with strong rains only lasting a week or two in May and July. Guinea coast ex-
periences strong rainfall in May-June 2001 (gure 6.4d) as the summer monsoon
strengthens and the ITCZ moved northward. A drop in rain magnitude is seen
further north until another high magnitude appears at 11N in August. This is
the maximum northward position of the ITCZ that controls convection over the
region.
In 2002, peak rain rates occurred only in the second quarter of the year (April-
June), after which a reduced rainfall persisted until the end of the year. These
rains remained within the realms of the Guinea coast as was previously noted
by Gu and Adler (2004), and are concomitant with the Gulf of Guinea SST at
the same time as far as the Guinea coast is concerned (gure 6.7). The low rain-
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than 1C shown in gure 6.7. Contrary to the previous years (2001 and 2002),
years 2003 and 2004 exhibit just an average rainfall in both the Guinea coast
and north of it almost all the year. A strong weeklong rain pattern in April is
observed in 2005 (gure 6.5d). A beak in rainfall is observed south of 3N) be-
tween February and early April but returns from late April.
The peak rain pattern observed in year 2006 (gure 6.6a) seems to shift in time
the year after. This time lag could have a possible impact on the local climate,
especially since both patterns are on the same latitude. I will develop this idea
by analysis of lagged correlation between rainfall and SSTs in the region. In
late-August to early-September 2007, there is a peak in rainfall pattern that
lasts about 1 month. This is repeated in the following year (2008) with almost
the same phase at the same latitude of 5-12N. In 2009, only a half of this
magnitude is observed with rainfall of 6mm/day. This raises a question as to
why this large dierence occurs in such a small area. In the next section, I at-
tempt to investigate whether SST, as one of the major mechanisms driving rain-
fall in this region is responsible for the observed interannual variability signa-
ture.
6.3.3 The seasonal cycle of SST and rainfall
Based on the description of rainfall shown in gures 6.4-6.6, it is possible to sep-
arate clearly the rainfall occurrences between the drier Sahel and West Africa. I
have chosen the boundary at 12N based on the observed magnitude of rainfall
shown in gures 6.4-6.6 so as to characterise each region separately to further
my analysis. Janicot (1992) has shown that distinguishing the region north and
south of 10N would give a better description of interannual variability of rain-
fall over the region. In addition, various studies have suggested a dierent mech-
anism of rainfall variability in the Sahel compared to West Africa. For example,
the dipole years in which rainfall anomalies in West Africa and the Sahel (i.e. ei-
ther either side of 10N) dier in sign has been clearly described (Fontaine and
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last century have been classied (see table 4 of Ward, 1998). Each rainfall region
chosen is studied in comparison with changes in SST in the Gulf of Guinea.
The seasonal cycle of SST in the Gulf of Guinea as seen from anomaly time se-
ries (gure 6.7a) shows high positive SST corresponding to the solar heating
when the sun is directly overhead in spring. The intensication of the southeast-
erly monsoon winds at the beginning of the boreal summer lead to the formation
of cold tongue and that reduces the SST the Gulf of Guinea region. The year-to-
year variations are evident with 1998 having warmer SSTs in spring, and much
colder from May to July. A clear contrast between 2001 and 2003 SST anoma-
lies is observed. A dissimilarity of 1C occurred throughout the year except
April { May.
Figure 6.7. The seasonal cycle of the Gulf of Guinea SST averaged between
(7S-7N,10W-14E) for a) 1998-2003, b) 2004-2009.
SST anomalies of e.g. 1998, 1999 and 2003 (gure 6.7a) are concurrent with
rainfall anomalies (gure 6.9a) of the same years. An interesting peak of rain-
fall anomalies in 2007 (gure 6.9b) may perhaps be another feature to focus
that is masked by the seasonal cycle. Hence, the climatological seasonal cycle
is removed from the data to further my investigation on the impact of Gulf of
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and the peak rainfall observed in 2007 in the Sahel that corresponds to the peak
in rainfall over West Africa, then the year 2007 is a non-dipole year. This sug-
gests that a non-dipole year is a year when Gulf of Guinea SST could modulate
rainfall over the Sahel much more than the inuence of other factors such as the
AEJ.
Figure 6.8. Wind speed anomalies during June-July-August (JJA) months.
The seasonal cycle has been removed based on the length of data (1998-2009).
The inuence of Gulf of Guinea SST to rainfall is further reected in the rain-
fall anomalies averaged over West Africa (gure 6.9a). Higher SSTs in 2003 from
June to December as against lower SSTs in 2001 (gure 6.7a) showed simultane-
ity in rainfall estimates (gure 6.9a).
Another important scenario in this analysis is the sensitivity of rainfall to SST
changes on seasonal basis. The very low SST anomaly record in spring and sum-
mer of 2005 (gure 6.7b) is reected in the West African rainfall anomaly time
series (gure 6.9b). The SST anomaly recorded low from April-August while
rainfall response is from May-September, presenting a lag of 1 month. Rainfall
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in 2005. The cooling eect in 2005 is attributable to the basin-wide strengthen-
ing winds (gure 6.8). This is coincident with West Africa and Sahel drought of
2005.
Figure 6.9. The seasonal cycle of rainfall over West Africa averaged
between [3N-12N, 10W-16E) for a) 1998-2003, b) 2004-2009.
In gure 6.16, SST anomalies in the Gulf of Guinea are largely negative during
the boreal summer, and this may have inhibited heat and moisture uxes that
cause rain. This is intriguing seeing that wind speed in the Gulf of Guinea (g-
ure 6.8) is weak, while SST anomalies are negative. A possible explanation for
this behaviour is that, the response of southeasterly winds to changes in tem-
perature at the Gulf of Guinea region is rather a weak response, since the winds
are driven largely by other factors in the South Atlantic. The cold tongue de-
velops around 30S but then aect the whole of the Gulf of Guinea region. The
winds must have excited the ocean during early summer, and the cold tongue
upwelling persists and maintained by the westerlies that appear anomalously
high in 2005. The consequence is low moisture uxes as well as the ability of
the moisture to be driven onto land by the monsoon winds that become weak
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Figure 6.10. The seasonal cycle of rainfall over Sahel averaged between
(12N-25N, 10W-16E) for a) 1998-2003, b) 2004-2009.
6.3.3.1 Interannual variability of anomalous SST and rainfall
The region of West Africa and the Sahel experiences uctuations of rainfall,
which vary from year to year. It is therefore pertinent to study the interan-
nual variability of SST in the Gulf of Guinea. The SST anomalies are based
on TMI daily data averaged to 3-day composites. The seasonal signals were re-
moved based on the 12-year period (1998-2009), and the Hovm oller plots were
extracted from a region in the Gulf of Guinea (2N, 10W-5E) to highlight
scales of variability.
In the tropical Atlantic Ocean, the cold tongue develops around mid-May in re-
sponse to the intensication of the southeasterly winds. This strengthens up-
welling of cold subsurface waters and consequentially impact on the air-sea pro-
cesses. The seasonal cycle of the Gulf of Guinea is clearly manifest throughout
the year as seen in the left panel of gure 6.11, with high positive SST anoma-
lies in spring and very low signatures from mid-May to October. In the years
1998 and 1999, there were higher than normal SSTs during the boreal summer
from May to August. This associated warming perhaps is connected to the mon-
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Figure 6.11. Hovm oller plots of 3-daily averaged TMI SST anomalies (units
in C) averaged over 10 W5 E along 2 N. Left panel: averaged over the
period 1998-2009, and right panels for various years. Seasonal cycles with
respect to the long-term mean1(998-2009) were removed from each yearly
plots on the right panel.
signicant warming to persist between these 2-3 months. Another possible ex-
planation is that the monsoons winds were weak during those years due to asso-
ciated large-scale atmospheric circulation.
The years 2000 and 2001 show a marked dierence of temperatures during June-
July months with 2-3C low. This is contrary to the preceding years, and the
presumption on further strengthening of the monsoons is probable.
Signicant interannual variability is observed mostly in 1998, 1999 and 2000
from the SST anomaly plots (gure 6.11). The year 2000 recorded consider-
ably negative SST anomalies during the summer (May-August) while the pre-
ceding years showed positive anomalies. This means that 1998 and 1999 had
warmer summers than the average of all the 12 years in total. Hence, I study
these anomalies in terms of rainfall to see if there are any connections with West
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Figure 6.12. The interannual variability of rainfall over West Africa aver-
aged between [3N-12N, 10W-16E) for a) 1998-2001, b) 2002-2005 and
c) 2006-2009. The long-term seasonal cycle based on the 12 years data were
removed.
Figure 6.13. The same as in gure 6.11, except for the di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While the years 1998, 2000 and 2001 exhibits rainfall anomalies in the order of
4mm/day, the year 1999 recorded a peak of positive anomaly of 7mm/day
in June-July period. This is reected in the SST anomaly of the same year (g-
ure 6.11) when warming was exceedingly high 2C. A persistent cooling fol-
lows from the SST plot that lasted over a month, signifying the maturity of the
cold tongue. By implication, SST anomalies of the order of 2C could have
a great impact on rainfall over West Africa (gures 6.5b and 6.9a), and may
even cause ooding. Interestingly, the June 1999 rainfall is approximately out
of phase with rainfall of 1998. In the summer of 2005 (gure 6.13), strong nega-
tive SST anomalies are observed which did not occur in other years.
Figure 6.14. The same as in gure 6.11, except for the dierence in years.
The years 2006, 2007 and 2008 showed signicant warming during the summer
contrary to what was observed in 2005 (gure 6.13). A signicant cooling is ob-
served during the summer of 2009. There is also a conspicuous warming from
June-September 2007 from the SST anomalies. This has a consequence on the
rainfall over West Africa that peaks in July with values above 4mm/day (gureChapter 6. Impact of Sea Surface Temperature on rainfall 119
6.12c). This obvious SST anomaly is further investigated later to assess possible
implication to local climate scenarios.
6.3.3.2 Gulf of Guinea Index vs West Africa and Sahel Rainfall indices
SST anomalies observed in 1999 (gure 6.11) that were found to have positive
response from rainfall over West Africa (gure 6.12) also seem to have an impact
on the Sahel rainfall (gure 6.15). Although, I characterised strong rainfall areas
south of 12N, and categorised the Sahel north of this boundary, the inuence of
Guinea Gulf SST still persists further north. This inuence is rather prominent
in August-September months when the ITCZ is farthest north carrying the rain
band, compared to when it was at the south in previous months. However, while
rainfall in 1999 showed an approximate positive peak only in August (gure
6.15a), the previous year (1998) recorded a negative peak in the same month,
but with positive peak of an equal magnitude in September. The rainfall ob-
served here seems to lag SST anomalies (gure 6.11) with about a month before
peaking. Similarly, the cooling observed in June-July 2000 (gure 6.11) reected
on the Sahelian rainfall with a negative peak in August due to the one-month
lag.
6.3.3.3 Potential causes of 2007 ooding over West Africa and the Sa-
hel
Two important peaks of rainfall are observed in July-August and August-September
2007 (gure 6.15c) with a very short break in between these periods. The peak
rain rates observed in July 2007 of both West Africa (gure 6.12c) and the Sa-
hel region (gure 6.15c) may explain the ood patterns. It was suggested that
heavy rainfall fell over dry soils, which led to heavy runo and ooding of rivers
such as the Niger and the Volta (Itiveh and Bigg, 2008). However from these re-
sults (e.g. gure 6.12c) the double peaks may explain that, after the dry land is
saturated with rainfall in late-May to early-June due to heavy rains, it was onlyChapter 6. Impact of Sea Surface Temperature on rainfall 120
Figure 6.15. The interannual variability of rainfall over the Sahel averaged
between [12N-25N, 10W-16E) for a) 1998-2001, b) 2002-2005 and c)
2006-2009. The long-term seasonal cycle based on the 12 years data were
removed.
a matter of 3 weeks that heavier rainfall returned with the strongest downpour
causing ood. For the Sahel region (gure 6.15c), the heavy downpour began
rst in late-July/early-August because the ITCZ has to maintain a northern-
most position before atmospheric processes (e.g. Westerly Wind Jets) comfort-
ably act to distribute rainfall. Within an approximate period of 10 days, another
heavy rainfall began in late August and last until mid of September.
Tropical rains are generally heavier than in other global regions, hence any con-
tinuous rainfall that lasts more than one week tends to cause oods. For ex-
ample, intense African Easterly Wave activity on convection, which is purely a
tropical even suggests the ability of wave activity in modulating ood-producing
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Figure 6.16. Sea Surface Temperature anomaly for June-July-August (JJA)
months in the Gulf of Guinea averaged. Seasonal cycle has been removed
based on 1998-2009 climatological mean.
6.3.3.4 Spectral analysis of SST and rainfall
To assess the impact of Gulf of Guinea SST to rainfall variability, I extend my
analysis using Fourier techniques to help identify coherent signals that connect
SST and rainfall. Coherence analysis considers discrete signals and identies
patterns of correlation, while cross power spectral density identies the energy
of correlation at each frequency interval. The phase spectrum identies the di-
rection of relationship between the two signals. Details of these methods are
found in appendix A. I decomposition rainfall and SST signals with hope of
nding coherent estimates in the absence of the obvious seasonality. The West
African rainfall and Gulf of Guinea SST (gure 6.17) show strong coherence
(0.7) of the SST equivalent to a semi-annual cycle of the Gulf of Guinea, hav-
ing the same phase and a signicant energy (CPSD). This implies that variabil-
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over West Africa. The 12-day peak with signicant coherence, although hav-
ing weaker power, is associated with high SST-rain covariability at the Guinea
coast, where rainfall response quickly to a change in SST through heat uxes.
Figure 6.17. Coherence squared amplitude, cross power spectral density
(CPSD) and Phase Spectrum of non-seasonal signal between anomalies of
Gulf of Guinea SST (7S-7N, 10W-14E) and the West African rainfall
(3N-12N,18W-16E). Data is for the period (1998-2009). Both coherence
and CPSD are estimated via Welch periodogram.
The Sahel (gure 6.18) shows a weak coherence of 0.3 at 182-days, having
stronger power that is associated with the semiannual cycle of the Gulf of Guinea.
However, the phase is 180 degrees, indicating that rainfall changes in the Sa-
hel is of opposite sign to that of SST in the Gulf of Guinea. This, by implica-
tion explains that low SSTs in the Gulf of Guinea correspond to high rainfall
in the Sahel. The reason is that coherence estimates here is able to pick peri-
ods of strong variability in both Gulf of Guinea and the Sahel, which is summer
(JJA months). At the Gulf, SSTs are already low due to intense cold tongue,
while the Sahel at this period experiences strong rainfall due to the northward
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coherence but weaker power at 12-day and 10-day that is associated with high
frequency covariability of SST-rainfall. At the periods when the cold tongue
doesn't exist, high SSTs in the Gulf of Guinea could correspond to high rainfall
over the Sahel.
Figure 6.18. Coherence squared amplitude, cross power spectral density
(CPSD) and Phase Spectrum of non-seasonal signal between anomalies of
Gulf of Guinea SST (7S-7N,10W-14E) and the Sahel rainfall region
(12N-25N,18W-16E). Data is for the period (1998-2009). Both coherence
and CPSD are estimated via Welch periodogram.
6.3.4 The Gulf of Guinea Index and rainfall
The Gulf of Guinea SST is a major indicator of local climate anomaly in West
Africa, and to some extent the Sahel. The Gulf of Guinea index (gure 6.19a)
shows the seasonal cycle of SST and signicant interannual variability with SST
anomalies peaking in some years, notably 1998, 2001 and 2005, while others
record less e.g. spring of 2008. The plots show stronger correlation with West
Africa rainfall than with the Sahel, having a small di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curves also partially out of phase. This further highlights the relationship be-
tween rainfall and SST in the region through large-scale circulation and atmo-
spheric moisture anomalies as suggested by Vizy and Cook (2001).
Figure 6.19. The Atlantic SST indices calculated based on area averages
a) Gulf of Guinea Index (GOGI) and b) Atlantic Meridional Mode Index
(AMMI). GOGI is SST anomalies averaged over [7S-7N, 10W-14E] and
AMMI [5N-25N,50W-20W]-[ 5S-25S,20W-10E]. Positive AMMI =
warm tropical north Atlantic.
The annual cycle is apparent in the correlation map (gure 6.20a). It is essen-
tial, therefore to compare the Gulf of Guinea SST with the rain data after re-
moving the the seasonal cycle (long-term climatology) to determine the actual
connection between them. The Gulf of Guinea SST anomalies lagged West Africa
rainfall by 1-month (gure 6.21a) which is opposite to the analysis with seasonal
cycle (gure 6.20a). This is because this correlation (gure 6.21a) is based on
non-seasonal anomalies, hence covariability between rainfall and SST can occur
due to seasonal dierence of the GOGI or interannual variability. For example,
SST in the Gulf of Guinea are aected by tropical instability waves that warm
the region, and also large-scale atmospheric connections can modulate the At-
lantic Ni~ no which is also in the Gulf of Guinea region. On the contrary, the SST
lags the Sahel by three months compared to a zero lag with the seasonal cycle
present. This is not a surprise because the Sahel can be modied by a numberChapter 6. Impact of Sea Surface Temperature on rainfall 125
Figure 6.20. Cross correlation between anomalies of a) Gulf of Guinea SST
versus West Africa and Sahel rainfall. GOGI lags West Africa Rain and
correlates well at zero lag with Sahel rainfall, b) Atlantic Meridional Mode
Index (AMMI) and rainfall over West Africa and the Sahel. AMMI leads
both West Africa and Sahel Rain. Lags are in months. Dash-dot lines indi-
cate the 95% condence limit. For a, positive x-axis means GOGI leads, and
for b, positive means AMMI leads.
of atmospheric factors such as the AEJ, AEWS, dry northeasterly winds etc as
studied by Grist and Nicholson (2001); Gu and Adler (2004).
Figure 6.21. Cross correlation between anomalies of Gulf of Guinea SST and
a) West African rainfall anomalies, b) Sahel rainfall anomalies. Lags are in
months, and seasonal cycle was removed. Data are based on 12 years (1998-
2009). Dash-dot lines indicate the 95% condence level. Positive x-axis
means GOGI leads.Chapter 6. Impact of Sea Surface Temperature on rainfall 126
6.3.5 The Atlantic Meridional Mode and Rainfall
The major modes of interannual variability in the tropical Atlantic are the equa-
torial mode analogous to Pacic Ni~ no (also called Atlantic Ni~ no), and the merid-
ional mode characterised by an equatorial SST gradient, with signicantly higher
SST in the north than the south. The meridional inter-hemispheric SST gradi-
ent is referred to as the meridional mode because it is part of a coupled variabil-
ity that exhibits north-south patterns, and has no Pacic counterpart (Servain
et al., 1999).
The Atlantic Meridional Mode (henceforth AMM) is calculated from area av-
eraged SST anomalies shown earlier in section 2.7.1. It is the main focus in
this section, and has being found to have a major impact on rainfall over the
Nordeste region of Brazil from observed data (Moura and Shukla, 1981). The
area records high rainfall when the ITCZ is in its southernmost position (Xie
and Carton, 2004). Drought in the region was found to be inuenced by an
anomalous northward shift of the ITCZ band that occurred in conjunction with
an anomalous AMM, also referred to as Atlantic dipole.
Previous studies showed a very weak connection between AMM and rainfall
anomaly over West Africa and the Sahel (Folland et al., 1986; Hastenrath, 1990;
Lamb and Peppler, 1992; Lough, 1986). However, most of the studies were based
on very short time data records or numerical simulations. Having the advantage
of 12 years data record, I aim to improve the analysis of AMM0s inuence over
West African and Sahelian rainfall anomalies.
The link between AMM and the Atlantic equatorial mode has been studied (Ser-
vain et al., 1999). The Gulf of Guinea is in a sense, a part of the Atlantic equa-
torial mode, which is broadly studied in this chapter. In furtherance to my ear-
lier analysis, I characterize the SST dipole mode to a standardized index (At-
lantic Meridional Mode Index - AMMI), which is the dierence of the area aver-
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The AMMI index (gure 6.19b) shows clearly the seasonal cycle of SST anoma-
lies based on the dierence between the two regions north and south of the equa-
tor. The seasonal cycle changes sign every 6 months, in response to basin-wide
SST changes and the monsoon behaviour. An apparent interannual variability
is observed, notably for the positive anomalies in some years such as 2003 and
2009. The years 1998 and 2004 accounted for weaker positive anomalies, with
SSTs less than the average years.
Positive lags imply that AMMI leads West African rainfall (gure 6.20b). The
GOGI correlates well with West Africa (WA) rainfall (r=0.95) and the Sahel
rainfall (r=0.90) both at the 95% condence level. Correlation of GOGI with
WA is at one month lag, with GOGI leading, indicating that high rainfall in
the region occurs after high SST occurs in the Gulf of Guinea. Correlation here
has picked periods of strong variability, which is the summer period. During
this time, the rain band is already over land due to the positioning of the ITCZ
while at the same time, SST becomes cooler due to intense cold tongue upwelling.
Therefore, the summer periods has dominated the SST-rainfall variability in the
region. GOGI and the Sahel rainfall anomalies correlate at zero lag. It is pos-
sible that SST anomalies in the Gulf of Guinea initiate convection, and hence
rainfall, then the rainfall is transmitted over to the Sahel by the monsoon at a
period less than a month. This is because the monsoon convergence over the Sa-
hel occur around 10N, while Sahel is between 12N-25N.
In a Fourier analysis (not shown), coherence techniques using AMMI and West
Africa rainfall time series with seasonal signals removed, two major coherent fre-
quencies were determined. One at 333 days having the strongest power (calcu-
lated cross power spectral density) followed by a period of 53 days with a power
half that of the annual cycle and both are in the same phase (negative). This
conrms the cross correlation analysis shown in gure 6.20b, and the explana-
tion is that the negative phase is a determining factor in this relationships. This
implies that as the cold tongue develops, which by analogy is the main signal of
the negative AMMI phase, the rain belt over West Africa is shifted northward,
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inuence the meridional shift of the ITCZ, by pushing the rain belt straddling
the ITCZ northward and distributing moisture. Similar condition applies for the
Sahel. A good knowledge of coupling between southerly winds and their inter-
action with SST in the tropical Atlantic is vital in this study, and it is a part of
Chapter 8.
6.3.5.1 Similarity between Gulf of Guinea SST and the Atlantic Merid-
ional Mode
Is there any similarity/dissimilarity between Gulf of Guinea SST and the At-
lantic meridional mode? The Gulf of Guinea SST anomalies and the Atlantic
meridional mode (AMM) can best be compared in terms of indices (gure 6.19).
Although, they both exhibit the same seasonal cycle, the impact of each to a
particular process may dier because they tend to dier in terms of their cold/warm
phases. The cold and warm phases (gure 6.19) for example dier in the number
of months. This provides a vivid explanation on why the AMMI lags an extra
one-month more than GOGI over rainfall on West Africa and Sahel (gure 6.20).
By inference, the tropical north and south Atlantic regions from which AMMI
is extracted should lag more than the Gulf of Guinea SST by virtue of distance.
I can speculate here that, by virtue of the composition of AMMI the lags are in
order and have provided an expected result.
6.3.5.2 Connection with tropical instability waves (TIWs)
Severe ooding over West Africa and the Sahel in 2007 has been related to the
changes in Gulf of Guinea SST (e.g. Itiveh and Bigg, 2008; Paeth et al., 2010).
Because of this reason, and because the tropical instability waves (TIWs) have
been thought to warm the Gulf of Guinea, this opens an avenue to search for
why the September 2007 SST in the Gulf of Guinea was warmer than other
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Figure 6.22. Hovm oller plots of 3-day averaged TMI SST (units in C) at
[2N, 10W-1E]: The long-term seasonal cycle based on 12 years of data
(1998-2009) removed. Cold tongue weakens and warming persists.
The evolution and maintenance of the cold tongue in the tropical oceans of both
Atlantic and the Pacic is dependent on processes linked to TIWs such as ver-
tical mixing, horizontal and vertical advection as well as heat ux divergence
(Peter et al., 2006). Because of the role these waves play in the time evolution
of heat uxes and their importance to the near-surface heat budget (Grodsky
et al., 2005; Peter et al., 2006; Weisberg and Weingartner, 1988), which are nec-
essary for convection, I investigate further their link to warming of the region in
September 2007.
I examine the interannual variability of TIWs in the Gulf of Guinea centred at
[2N, 10W-1E] during 2005-2008 (gure 6.22). The bandpass ltered SST re-
veals TIWs that have a period of 15-40 days and a wavelength of 500-1500km.
The waves are quite prominent in 2005 and 2006, but very weak in 2007. These
waves are believed to be generated by the shear of zonal currents (von Schuck-
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Figure 6.23. Biweekly wind stress elds between August-October 2007. Weaker
southeasterly winds observed in September in the Gulf of Guinea (boxes),
with values less than 0.5 Nm 2.
that intensify in spring. Because the near-surface properties of the region are
highly sensitive to high-frequency winds of e.g. 2-20 days (Athie et al., 2009),
they can decrease remarkably the imprint of TIWs and their zonal signature on
SST.
This analysis shows that the waves are almost non-existent in the summer of
2007 compared with other years. The question now is whether the high-frequency
winds have damped the waves, allowing stability in the near-surface water prop-
erties and hence the increase in SST? Wind stress elds at sub-monthly timeChapter 6. Impact of Sea Surface Temperature on rainfall 131
Figure 6.24. The tropical Pacic Ocean showing the regions from which
major climate indices are calculated. These include Ni~ no 1+2, 3, 3.4 and 4.
scales are presented (gure 6.23) between August and October 2007. In Septem-
ber, the winds are weak, leading to damping of the waves (gure 6.22), and
hence allowing warming of SST to persist in September 2007. Therefore, I sug-
gest that the weakening of the southeasterly winds leads to persistence in SST
warming. Consequentially, the warming might have a profound eect on convec-
tion and hence the abnormal rainfall events observed in September 2007.
6.3.6 Teleconnection: Pacic ENSO
The El Ni~ no /Southern Oscillation (ENSO) is recognised as one of the major
climate indices that has a major impact on large-scale atmosphere-ocean pro-
cesses. It was noted that while Atlantic SST anomalies are developing, the Pa-
cic anomalies has already developed in the eastern tropical region and reach
their maximum in March-April-May (Colberg et al., 2004; Hu and Huang, 2007;
M unnich and Neelin, 2005). This suggests a connection between the two oceans
possibly through thermodynamic processes. The ENSO-induced wind anomalies
are responsible in driving the upper ocean temperatures by altering the Ekman
pumping, meridional heat transport and net surface heat uxes (Colberg et al.,
2004). Similarly, ENSO was found to inuence the western equatorial Atlantic
wind stress, which in turn aects the general dynamics of the equatorial region
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indices considered in this chapter are summarised in table 6.1. It is deemed nec-
essary to repeat an earlier gure from chapter 2 that describes the regions from
which the indices are calculated and this is shown in gure 24.
Table 6.1. Description of Pacic El Ni~ no Indices
Index Description
Ni~ no 1+2 80W-90W and 0-10S
Ni~ no 3 90W-150W and 5S-5N
Ni~ no 3.4 120W-170W and 5S-5N
Ni~ no 4 150W-160E and 5S-5N
Other studies reveal that there are connections between the Atlantic Ni~ no and
the Pacic ENSO events (Latif and Gr otzner, 2000; Wang, 2006). Many authors
studied the inuence of the Pacic SST anomalies on the Sahelian rainfall (Jani-
cot et al., 2001; Joly and Voldoire, 2010; Rowell, 2001). Results from these stud-
ies highlighted the important of atmospheric circulation in causing the Sahel
drought. It is therefore importance to relate this phenomenon to rainfall vari-
ability in the study region. The aim of this subsection is to identify and describe
the possible correlations between the Pacic Ni~ no and rainfall over West Africa
and the Sahel. This also provides the means to highlight the lead-lag relation-
ships between the correlated indices. The locations of Pacic Ni~ no indices are
shown in gure 6.24.
Correlation analysis between West African and Sahel rainfall and the Ni~ no in-
dices (gure 6.25, and table 6.2) shows various indications of relationships be-
tween rainfall and the Pacic SST anomalies. In gure 6.25a, it is shown that
rainfall and Ni~ no 1+2 are correlates (r=-0.18) at zero lag, while Ni~ no- 3 and 3.4
are correlated at r=0.17 and r=0.15 with rainfall leading for 3 and 2 months
respectively. Ni~ no 4 correlated with rainfall at r=0.17 and Ni~ no leads with 1
month. For the Sahel (gure 6.25b), Ni~ no 1+2 are correlated at r=-0.12 also
at zero lag, while Ni~ no 3 and 3.4 are correlated at r=0.15 and r=0.14 with rain-
fall leading with 4 and 3 months respectively. Ni~ no 4 correlated with rainfall
at r=0.18 and Ni~ no leads with 1 month. All correlations are signicant at 95%
condence interval, but they explain very little of the signal at these intervals.Chapter 6. Impact of Sea Surface Temperature on rainfall 133
Figure 6.25. Correlation analysis (lagged) between anomalies of Ni~ no indices
and anomalies of a) West Africa rainfall, b) Sahel rainfall. Dash-dot lines
show the 95% condence limits. Lags are in months. Integral time scale is
based on 12 years of data (1998-2009). This correlation is prescribed in full
seasonal cycle but with annual signals removed to correspond with the Ni~ no
data. Positive x-axis means Ni~ no leads.
Table 6.2. Summary of correlations (r) between Ni~ no Indices and West
Africa and Sahel rainfall shown in gure 6.25.
Correlations Ni~ no 1+2 Ni~ no 3 Ni~ no 3.4 Ni~ no 4
West Africa rainfall -0.18 +0.17 +0.15 +0.17
Sahel rainfall -0.12 +0.15 +0.14 +0.18
When these are correlated at 99% condence interval, the correlations showed
better relationships.
6.3.7 Teleconnection: Benguela Ni~ no
The Benguela Ni~ no is the warm and cold episodes that are conned only to the
Angola and Namibia regions in the south Atlantic (Florenchie et al., 2003; Shan-
non et al., 1986). Analogous to the Pacic, the warm phase is called BenguelaChapter 6. Impact of Sea Surface Temperature on rainfall 134
Ni~ no and the cold phase Benguela Ni~ na.
Carton and Huang (1994) suggested that the Benguela Ni~ no might be remotely
forced since it exhibits characteristics similar to the warming of the Atlantic
Ni~ no, which corresponds with weakening trade winds near Brazil. Most impor-
tantly, the Benguela Ni~ no does not occur during its counterpart in the Pacic.
It however, modulates local rainfall anomalies through heat and moisture uxes
in Angola/Namibia regions. This could result in ooding during warm years at
the coasts and aect sheries as well as feeding the dry inland regions with rain-
fall (Rouault et al., 2003a).
Figure 6.26. a) Benguela Ni~ no Index is the SST anomalies averaged over [10-
20S, 8-14E], b) lagged correlation between Benguela Ni~ no Index and West
Africa rainfall anomaly and c) lagged correlation between Benguela Ni~ no
Index and Sahel rainfall anomaly. Lags are in months. Positive (negative)
lags means that rainfall lags (leads) Benguela Ni~ no Index. Dash-dot lines
show the 95% condence limits. Integral time scale is based on 12 years of
data (1998-2009). Positive x-axis means Ni~ no leads.
Because Benguela Ni~ no is a part of the global atmospheric circulation, warming
events could impact atmospheric instability by enhancing or reducing the speed
of the trade winds as well as moisture transport. Besides, the Benguela region is
along the path of the southeast trade winds that convey moisture to West Africa
(monsoon). Generally, south Atlantic SST is the source of moisture for both
southern and West African regions throughout the year (Reason et al., 2006).
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in West Africa and the Sahel in response to changes in the Benguela Ni~ no. This
might imply possible reasons on why monsoon delays in some years.
I focus on this analysis by studying the correlations between the Benguela Ni~ no
and rainfall indices over West Africa and the Sahel. The Benguela Ni~ no (gure
6.26a) is an averaged SST anomaly over the region (10-20S, 8-14E). The time
series shows strong seasonality each year with warm events during the austral
summer to austral autumn (December-May), and cold events during winter and
spring. A remarkable interannual variability is observed especially in 2004, when
warming is exceptionally low with SST anomalies 2C less than other years. The
years 1998 and 2000 also showed a reduced warming, while years 2003 and 2008
show weak negative anomalies. These kinds of anomalous warming/cooling may
have an impact on the heat and moisture uxes at the air-sea interface with re-
sulting consequence on convection.
To describe the strength of relationships between rainfall in West Africa and the
Benguela Ni~ no index, lagged correlation is performed between the Ni~ no indices
and rainfall anomalies over West Africa and the Sahel (gure 6.26b and c) re-
spectively. Rainfall over West Africa correlates well with Benguela Ni~ no (-0.9)
with the Ni~ no leading by 1 month. The Sahel also correlates well (r=0.85) with
the Ni~ no leading by 1 month.
As mentioned earlier in this chapter, before the southeast trade winds strengthen
and have any impact on the West Africa and Sahel, the rainfall belt has already
shifted north along the ITCZ band. Therefore, in mid-summer (June) when the
cold tongue is already matured the rain belt is already north and any correlation
between the two would be negative with an appropriate time lag. The time lags
obtained in these two analyses suggests an SST forcing from the Benguela re-
gion would have an impact on rainfall anomalies over West Africa and the Sahel
at virtually the same time. As a result, interannual variability in the Benguela
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Figure 6.27. a) Time series of Mediterranean SST anomalies index averaged
over the whole region [31-40N, 1W-36E], b) lagged correlation between
Mediterranean Index and West Africa rainfall anomaly and c) lagged cor-
relation between Mediterranean Index and Sahel rainfall anomaly. Lags are
in months. Positive (negative) lag means that rainfall lags (leads) Mediter-
ranean Index. Dash-dot lines show the 95% condence limits. Integral time
scale is based on 12 years of data (1998-2009). Positive x-axis means Ni~ no
leads.
6.3.8 Teleconnection: Mediterranean SST
From the analysis using atmospheric general circulation models, Global Precip-
itation Climatology Project (GPCP) and gauge data, Rowell (2003) observed
that warm Mediterranean SST primarily enhances moisture from its local ori-
gin and advect it through the mean ow into the Sahel region. He found that
anomalies of SST in the Mediterranean Sea were correlate well with Sahel rain-
fall during boreal summer. During warmer SSTs, there were increased evapora-
tion leading to higher moisture convergence that enhances rainfall over the Sa-
hel. A similar study by Jung et al (2006) also conrms this with northerly winds
helping to advect the moisture-laden air into the Sahel. I attempt to develop on
these studies using more recently observed data that has higher spatial and tem-
poral resolution than the previous studies. For example, both Rowell (2003) and
Jung et al. (2006) used data of 2.5 by 2.5 grids or even coarser, as well longer
time averages in their analysis. Here, I use SST and rainfall records that span 12Chapter 6. Impact of Sea Surface Temperature on rainfall 137
years with spatial and temporal resolutions of 0.25 by 0.25 and 3-day averages
to analyse the impact of the Mediterranean SST on the Sahel and West African
rainfall anomalies.
A Mediterranean index is formed, by averaging all point SST anomalies over
twelve years (1998-2009) into monthly time series. This is then correlated in
terms of lags with Sahel and West African rainfall anomaly indices. This is with
the intent of gaining insight into the links between each of the rainfall regions
and the SST. Results here should provide a view from observation data at inter-
annual time scale, and may conrm previous model studies e.g. Rowell (2003),
and is considered here.
The Mediterranean index (gure 6.27a) shows colder SST anomalies during the
boreal winter and spring, and warmer SSTs during summer and autumn. The
interannual variably is not strong here compared to with Benguela Ni~ no or Gulf
of Guinea SST anomalies observed earlier. However, SST anomalies in 2003 is
about 1C warmer compared to other years, and colder with -1C in 2004 and
2005 years. The interannual signal is clearly visible (gure 6.27a) which shows
a signicantly higher positive SST anomalies in the order of 1-2 C during the
summer of 2003 compared to other years. A similar signature of 1-2C of neg-
ative SST anomalies occurred in April of 2007 and 2008, when the region expe-
riences signicant cooling. A few studies (e.g. Rowell, 2003; Ward, 1994) were
dedicated to the interaction of African rainfall and the Mediterranean Sea, and
most of which focused only on the Sahel. Here, I focus my analysis on the con-
nections between the Mediterranean Sea and rainfall over West Africa and the
Sahel. I separated the analysis with West Africa to that of the Sahel. The 10-
day peak observed from the coherence has weak power, and and considered here
as less signicant.
A correlation between West Africa rainfall and the SST index is high (-0.94)
and SST index leads with 1 month. Similarly, Sahel rainfall also correlates high
with the SST index (-0.9), and SST leads with 1 month. This concurs well
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Figure 6.28. Coherence squared amplitude, Cross Power Spectral Density
(CPSD) and Phase Spectrum of the seasonal signal between anomalies of the
Mediterranean SST and the West African rainfall (3N-12N,18W-16E).
Data are for the period (1998-2009), and seasonal cycle from the long-term
mean is removed. Both coherence and CPSD are estimated via Welch peri-
odogram.
strength of correlation and the lag indicates that the Mediterranean Sea is also
capable of forcing West African rainfall with the same moisture advection as it
does on to the Sahel. A possible explanation is that the northeasterly dry winds
that originate in the Sahel called Harmattan are weak during the summer when
the Mediterranean SSTs are warmer. Therefore, the moisture-laden winds from
the Mediterranean Sea can ow across the Sahel and West Africa prior to the
wintertime when the northeasterly winds become stronger.
To further my investigation on the time-varying connections between the Mediter-
ranean Sea and rainfall, I decomposed the indices using Fourier analysis (g-
ure 6.28). Rainfall over West Africa is coherent with the Mediterranean SST
mainly at 63-day period, although with very small energy as shown from theChapter 6. Impact of Sea Surface Temperature on rainfall 139
Figure 6.29. Same as in gure 6.28, but for the Sahel rainfall region (12N-
25N,18W-16E).
power spectral density being that the data is devoid of seasonal cycle. Consider-
ing that the 63-day coherence exist at about 180 out of phase shows that they
are negative correlated at this frequency. Therefore, warmer Mediterranean SST
is equivalent to dry West Africa. Looking at the Mediterranean SST index, it
can be deduced that convective anomalies over West African due to the former
could only exist during the spring. However, because the Sahel is already dry
during those periods, it may not have a strong eect compared to the inuence
of SSTs in the Gulf of Guinea or south Atlantic.
For the Sahel region, strong coherence exists at 24-day signal, showing a phase
angle at 180 out of phase. This strong coherence (0.43) show a negative corre-
lation rainfall over the Sahel. However, coherence at 182 days indicates a sec-
ond harmonic signal that is associated with the Mediterranean SST (see g-
ure 6.27a), but at the same phase (zero), indicating a mutual relationship. For
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phase angle signies that warmer Mediterranean SST coincides with wetter Sa-
hel. This means that Mediterranean SST anomalies can cause positive rainfall
anomalies over the Sahel.
6.4 Discussion
6.4.1 Rainfall variability
Drought conditions over West Africa have been attributed to both remote forc-
ing and negative SST anomalies in the Gulf of Guinea (Fontaine and Janicot,
1996). This scenario however seems to occur either due to dierence in time lag
between SST forcing and rainfall, or connected to other forcing mechanisms
rather than the Gulf of Guinea SST. For example, small magnitudes of rain
rates are evident in the years 2004 and 2005 (gure 6.5). A likely possibility is
that temperatures in the central tropical Atlantic could enhance convection and
rainfall when the northeasterlies are strong.
A break in rainfall is observed o the Gulf of Guinea (south of 3N) in February
and early April of 2006, and later a high magnitude rain band become largely
visible from late April to early May. This heavy rainfall pattern corresponds
to the weakening of the equatorial winds and an increase in temperatures. In
spring, the sun is directly overhead and the incident solar radiation raises SSTs
to above 27C from 8S-5N (Xie and Carton, 2004). This supports convection,
especially at the Guinea coast and further north. As time goes on, southerly
winds begin to strengthen, and the thermocline uplifting leads to cooling of
SSTs. Since SSTs must reach a certain threshold (at least 26C, e.g. Gu and
Adler (2004)) for convection to initiate, the cooling eect due to the cold tongue
would suspend the impact of SSTs on convection. This might explain the break
in rains and dry spells observed during the years.
The West African monsoon system is in fact directly related to SSTs in the Gulf
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(Joly and Voldoire, 2010). Because SST is modulated by the monsoon winds,
year-to-year variations of these winds could aect rainfall due to the modica-
tion of heat uxes. Relaxation of trade winds due to other dynamical factors
south of the Guinea Gulf therefore has potential impact on the SST anomalies.
What appeared in 2001 and 2003 (gure 6.7) is, in a sense partly explained by
the strengthening (weakening) of the winds in 2001 (2003) during the boreal
summer. Contrasting these years in gure 6.8 shows that wind speed anoma-
lies in 2001 are twice larger than that of 2003, thereby inducing stronger surface
cooling in 2001 than in 2003.
Many studies for example (Grist and Nicholson, 2001; Gu and Adler, 2004) high-
lighted that the Sahel rainfall is primarily modulated by atmospheric phenom-
ena related to African Easterly Jets (AEJ), African Easterly Waves (AEW),
Tropical Easterly Jets (TEJ) and low-level southwesterly ow. Results here
shows that SST anomalies of e.g. 1998, 1999 and 2003 (gure 6.7a) are concur-
rent with rainfall anomalies (gure 6.9a) of the same years. This means that
SST anomalies could impact changes in precipitation, although this might not
be independent done. The atmospheric winds, for example AEJ and AEJ could
also inuence rainfall either negatively or positively by interrupting the ITCZ, or
independently modulating rainfall over the land.
Although, the inuence of surface winds in the western basin modies the east-
ern basin through Bjerknes feedback, changes in SSTs in the east (Gulf of Guinea)
is largely due to amplied southerly winds that generate the cold tongue by in-
tense upwelling. This occurs during the onset of the summer monsoon (Mitchell
and Wallace, 1992). Busalacchi and Picaut (1983) demonstrated that the semi-
annual signal in the Gulf of Guinea is driven by zonal and meridional wind stresses
west of the Gulf.
While the annual cycle in the tropical Atlantic is due to the presence of the
warmest SST north of the equator and the meridional march of the ITCZ that
carries strongest rainfall, the semi-annual cycle is controlled by upwelling and
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wind (Philander and Pacanowski, 1986). Equatorial upwelling in the Gulf of
Guinea is predominantly associated with the divergence of the meridional Ek-
man surface ow (Philander and Pacanowski, 1986). This ow is also associated
with the variability of the cold tongue that helps to modulate the SSTs during
the boreal summer.
6.4.2 SST vs drought
The cooling eect in 2005 is attributable to the basin-wide strengthening winds
(gure 6.8), which induced a shallow thermocline consistent with the tropical
Atlantic mode of variability (Houghton, 1989; Marin et al., 2009). The strength-
ening of winds north of the equator signicantly weakens rain-bearing south-
easterly monsoon winds, thereby inhibiting moisture convergence over West
Africa and the Sahel regions. Hastenrath et al. (2007) attributed the cause of
the 2005 drought in east Africa to pressure changes associated with strong west-
erlies while using NCEP/NCAR reanalysis data. My investigation here using
satellite observations show that the strengthening of the westerlies (gure 6.8)
north of the equator is largely a factor. However, the strengthening of south-
easterlies in the Gulf of Guinea can dominate the inuence of ocean forcing over
West Africa since the monsoon winds are driven by the southeasterlies due to
ocean-land-atmosphere temperature gradient.
Although, development of the cold tongue is based on the impact of trade winds
that increases currents, which then shoals the thermocline (Houghton, 1989),
seasonal evolution and maintenance of the cold tongue depends on dynamical
processes. These processes include heat ux divergence, vertical and horizon-
tal advection and vertical mixing due to tropical instability waves (Peter et al.,
2006), which are common to both Atlantic and the Pacic oceans.
The summer of 2005 (gure 6.13) shows substantially strong negative SST anoma-
lies than the preceding years. It has been indicated from Reynolds SST anoma-
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during the last decade (gure 6.13 Marin et al., 2009). Polo et al. (2008) pointed
out that the Atlantic Ni~ no leads the Pacic La Ni~ na and the later is only con-
nected to West African rainfall anomalies rather than the Sahel. The connection
of the Pacic Ni~ no to West Africa and Sahel rainfall anomalies are treated later
in this chapter. Near surface processes that aect the development and main-
tenance of the cold tongue are essentially important factors in determining this
kind of variability in SST. These processes and local wind eect are thought to
be the major causes of this strong cooling in 2005 (Marin et al., 2009), while
surface heat uxes only act as negative feedback to the SST (Foltz et al., 2003;
Foltz and McPhaden, 2006). The implication of this is that rainfall magnitudes
are drastically reduced at times when SST can have an inuence such as in late-
May to mid-August (gure 6.12).
6.4.3 SST vs ood
The warmer SSTs in the later period of 2003 (gure 6.13) summer also show
a simultaneous rainfall peak in August (gure 6.15b). Comparing SST anoma-
lies for the whole decade (gures 6.11,6.13,6.14), the summer of 2007 exhibits
an obvious positive SST anomalies that is greater than 2C. This concurs well
with the delayed summer season in West Africa (Levinson and Lawrimore, 2008;
NIMET, 2008; Thomson, 2007).
The year 2007 shows two important peaks of rainfall in July-August and August-
September (gure 6.15c) with a break in rainfall in-between the two periods.
These coincide with the period of above average rainfall record in August-September
2007 that drew the attention of media and scientists in that year (Niles, 2007;
Team, 2007). Although, the ood aected almost the whole of West Africa and
the Sahel, it wasn0t widespread but aected some selected regions (Paeth et al.,
2010).
While various studies, for example (Itiveh and Bigg, 2008; Paeth et al., 2010)
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nding the causes of the ood in West AfricaChapter 6. Impact of Sea Surface Temperature on rainfall 144
and the Sahel, station data for the same period and places have not yet being
documented. If SST might serve as explanation for the ood in West Africa,
then Sahel may have been modulated by SST anomalies of the Mediterranean
Sea or eastern tropical Pacic (Paeth et al., 2010). However, the intense SST
anomaly of September 2007 in the Gulf of Guinea (gure 6.14) that has a mag-
nitude of over three times that of other years should never be underestimated.
Besides, the anomalous signature is not just a few patches but covers the whole
Gulf of Guinea region, and may potentially explain the cause of the oods. Fur-
thering this analysis with station data for all the aected areas by correlating
with SST over the Guinea Gulf and other atmospheric variables is essential to
provide further insight.
6.4.4 Teleconnection patterns
The Atlantic Meridional Mode Index (AMMI) correlates well with West Africa
than with the Sahel (r=0.96 and 0.92 respectively) and leads West Africa by two
months and Sahel by one month (gure 6.20b). The reason behind stronger cor-
relation with West Africa is because AMMI inuences the meridional migration
of the ITCZ and the ITCZ path crosses over all of West Africa but not all of
Sahel region. The repeat cycle in the lagged correlations show an annual cycle,
which is the major mode of variability in the tropical Atlantic. In both cases,
lagging of rainfall could explain that the negative AMMI phases have greater
impact on rainfall than the positive phases. Since AMMI is a part of the WES-
feedback mechanisms and the inter-hemispheric migration of ITCZ, it would
play a signicant role in determining the rainfall pattern through the SST. The
interannual variability of AMM has also being studied previously (Mehta and
Delworth, 1995; Moura and Shukla, 1981; Servain, 1991), and the out-of-phase
relationship with opposite signs between the south and the north regions were
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of Wind-Evaporation-SST (WES). WES feedback involves response of southeast-
erly winds to strong northern equatorial SST gradients resulting in the weak-
ening of northeasterly winds thereby warming the SSTs that once initiated the
response. However, even though WES destabilises the AMM, it is not likely that
AMM itself is by nature unstable (Vimont and Kossin, 2007).
From observational data and model output, the AMM index (AMMI) was stud-
ied to identify its connection with the Guinea Dome. Both positive and negative
phases of AMMI are related to interannual variability of the Guinea dome that
is connected to the meridional migration of the ITCZ (Doi et al., 2009). Guinea
Dome is a region of strong wind-induced Ekman upwelling that develops o
Dakar from late spring to summer. This study, as well as the studies of AMMI
impact on South American rainfall raises a question as to whether AMMI has a
potential impact on rainfall over West Africa and Sahel. This analysis is based
on cross correlation analysis (gure 6.20b), which characterise the relationships
in terms of period of occurrences.
Weak correlations are observed between West Africa and Sahel rainfall anoma-
lies and the Pacic El Ni~ no indices. A vivid analysis shows that Ni~ no 1+2 is
more correlated to West African rainfall than with Sahel rainfall. Ni~ no 3 and
Ni~ no 3.4 are also better correlated with West African rainfall than the Sahel and
both lags Sahel with 1 month more than West Africa. Notwithstanding, Ni~ no
4 and rainfall correlated almost the same and leads both regions with 1 month.
This may not be unconnected with the distance between Ni~ no 4 region and the
study regions. Rainfall correlations with Ni~ no 3 and Ni~ no 4 show interestingly
the same results. These results show clearly that rainfall anomalies in West
Africa and the Sahel region can be associated with Pacic El Ni~ no. Drought
over these regions is associated with positive SST anomalies of Pacic Ni~ no 1+2,
while positive rainfall anomalies are associated with positive anomalies of Pacic
El Ni~ no 3, 3.4 and 4.
Ni~ no 4 leads rainfall in both regions with one-month lag, which is attributable
to the Ni~ no forcing rainfall variability through the eastward MJO. Unlike theChapter 6. Impact of Sea Surface Temperature on rainfall 146
ENSO, which is standing pattern, the MJO manifest itself as a travelling pat-
tern propagating itself at a phase speed of 4-8m/s through the atmosphere. My
calculations show that if the MJO speed is at 8m/s, then it is capable of deliv-
ering precipitation anomalies over both West Africa and the Sahel within the
one-month time lag. This is for the positive MJO phase. The MJO still explains
the connection between Ni~ no 3 and Ni~ no 3.4 and the rainfall anomalies based
on its positive (negative) phases that are associated with positive (negative)
rainfall anomalies. Positive/negative anomalies of rainfall are associated with
positive/negative anomalies of Ni~ no 3 and Ni~ no 3.4 through the MJO. These
correlations are weak and this attests to the fact that MJO itself is weak in the
Atlantic but strong Indian and Pacic Oceans.
Latif and Gr otzner (2000) attempted to explain the mechanism of connection
between Pacic ENSO and the Atlantic Ocean processes. During warm ENSO
events, the easterly wind stress anomalies prevail over the equatorial Atlantic.
This depresses the thermocline in the west and raises it in the east. Further,
the equatorial Atlantic takes time to adjust to these variations in low frequency
wind stress. The depressed thermocline in the west propagates eastward and
air-sea interaction amplies the signal. This signal connects with the equato-
rial westerlies that modulate Sahel rainfall (e.g. Grist and Nicholson, 2001) and
aect rainfall over West Africa. The process could lead/lag rainfall anomalies
based on the strength of coupling processes connecting the Pacic and the At-
lantic oceans. The positive (negative) relationships are a consequence of warm
(cold) phases of the ENSO signal respectively. However, a robust analysis of this
is required to ascertain the mechanism put forward by Latif and Gr otzner (2000)
using both observational data and high-resolution general circulation models
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6.5 Summary
The objectives of this chapter are to study and assess the impact of Gulf of
Guinea SST on the West African and Sahel rainfall anomalies as well as telecon-
nections with Pacic Ni~ no, Benguela Ni~ no, Mediterranean SST and the Atlantic
meridional mode from observational point of view. These SSTs and rainfall over
land were characterised by various statistical means to highlight possible rela-
tionships.
The Gulf of Guinea SST was found to inuence both West Africa and Sahel
rainfall anomalies but at dierent time lags corresponding to the meridional
shifting of the ITCZ. Coherence analysis illustrates that the links between both
West Africa and the Sahel are directly related to the ITCZ positioning as well as
the non-seasonal cycle of the Gulf of Guinea SST. High coherencies and stronger
correlations were observed from the analysis, indicating lead/lag relationships.
A signicantly enhanced rainfall over both West Africa and the Sahel was ob-
served and this concurs well with warmer SSTs in the Gulf of Guinea. This is
suggestive of the importance of Gulf of Guinea SST in Sahelian rainfall, which
was previously thought to be modulated predominantly by moisture-laden west-
erlies (Grist and Nicholson, 2001; Gu and Adler, 2004). In fact, the northward
low-level monsoon ow that aids in moisture advection was found to penetrate
far north from the Guinea coast (5N) to 20N (Cook and Vizy, 2006). There-
fore, the monsoons can still modulate rainfall anomalies over the Sahel (12-
25N). The inuence of the SST on Sahel rainfall was more apparent in 2007,
suggesting a non-dipole year from these studies due to positive correlations.
The interannual variability of SST at the Gulf of Guinea was clearly apparent
and was evidently found to inuence rainfall anomalies over West Africa and
the Sahel. This is through the weakening (strengthening) of southeasterly winds
that allow SSTs in the Gulf of Guinea to warm (cool) resulting in large (small)
surface heat uxes that enhance (reduce) rainfall. The consequences of these
are ooding (e.g. in 2007) and drought (e.g. 2005). Both drought and oodingChapter 6. Impact of Sea Surface Temperature on rainfall 148
of those years aected both regions. Results show that the period of ood cor-
responds with positive (warm) SST anomalies in the Gulf of Guinea, while the
period of drought correspond to negative (colder) SST. Further research using
station data from the aected regions to substantiate these ndings is suggested.
Although, the tropical instability waves are known to warm the Gulf of Guinea
SST, they are as well aected by high-frequency winds. This analysis shows that
the undulating troughs and crest of the waves barely appear in summer/autumn
of 2007 compared to other years. This is because high frequency winds (1-15
days) dampen the waves and allow stability in the near-surface water properties
and hence the SST. This aids in convection that results in rainfall.
The Benguela Ni~ no highly correlates with rainfall over West Africa (r=-0.9)
and Sahel (r=-0.85) at the 95% condence level, and lags by 1 month to both
regions. This high correlation is indicative of its apparent non-seasonal cycle
that varies according to the southeasterly winds. Because the Benguela region
is along the path of the southerlies that convey monsoon convection over West
Africa and the Sahel, variability in this region is important and any eect on it
will undoubtedly aect rainfall.
The Mediterranean SST correlates well (r=0.9) with both West Africa and the
Sahel rainfall. The strength of the correlation indicates that the Mediterranean
SST could inuence even West Africa rainfall not only the Sahel by advecting
moisture during its warm season. The seasonal cycle of the Mediterranean SST
is linked to both West Africa and the Sahel rainfalls. The strongest coherence
between this SST and rainfall over West Africa shows an annual cycle of the
ITCZ convective band.
Analysis on teleconnection with Pacic ENSO shows that Ni~ no- 1+2, 3, and 3.4
all correlates well with West Africa rainfall than with the Sahel. Also, Ni~ no 4
correlates much better with the Sahel than West Africa rainfall. This may be
connected with the distance between Ni~ no 4 region and the study regions. How-
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MJO pattern having a phase speed of 8m/s. Correlations for both rainfall re-
gions and Ni~ no 3 and Ni~ no 4 show interestingly the same results.
The Atlantic Meridional Mode shows a similar seasonal cycle compared to Gulf
of Guinea SST with dierences in magnitude and the phases of warm/cold events.
This dierence in phases is apparent in the lagged correlation analysis, where
West Africa leads AMM with 1 month and Sahel with 2 months. The strong
correlation with West Africa rainfall (r=0.95) than the Sahel (r=0.9) indicates
that AMM could inuence the former much more than the later.
As a nal note, both seasonal and annual signals related to the ITCZ and the
Gulf of Guinea SST shows that, any forcing on West Africa and Sahel rainfalls
cannot be entirely independent of the meridional shifting of the ITCZ or the
inuence of the local SSTs. Again, the region is better understood if we could
know spatial and temporal variability of both the prevailing winds and the SST.
Most importantly, specic regions and time of variability, direction of propaga-
tion, connections with other large-scale processes outside the tropical Atlantic
domain could give a better insight to anomalous rainfall, and these are consid-
ered in chapter seven.CHAPTER 7
Non-seasonal variability of SST and
winds
7.1 Introduction
Climate uctuations in the tropical Atlantic are dominated by two distinct pat-
terns of coupled ocean-Atmosphere variability, collectively termed tropical At-
lantic variability (TAV). These are the Atlantic Meridional Mode and the Zonal
mode (also called the Atlantic Ni~ no). These modes of variability are tightly
phase-locked with the seasonal cycle and composed of the meridional sea surface
temperature (SST) gradient and the zonal mode, also called the Atlantic Ni~ no,
which is a phenomenon analogous to Pacic El Ni~ no. These variabilities play a
vital role in the coupling processes with both local and large-scale winds, result-
ing in the modulation of upper ocean circulation and an impact on the atmo-
spheric boundary layer. The modulation of the atmospheric boundary layer in
turn is responsible for changes in the local climate and signicantly contributes
to the global atmosphere dynamics.
The tropical Atlantic variability modes are determined by the seasonal cycle due
to solar radiation. The interannual variability of these modes are composed of
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the mean, the anomaly, the seasonal cycle and the non-stationary part of the
annual cycle, which is the interannual variability in the timing of the seasonal
transitions. The non-seasonal variability is an important climate derivative,
hence the knowledge of its underlying physical mechanisms are essential. Sea-
ger et al. (2001) hypothesised that cross-equatorial-SST gradient (CESG) is a
determinant of the north-south migration of the ITCZ. I will test this hypothe-
sis using non-seasonal variability in the region bounded by two trade winds, the
northeasterly and the southeasterly winds.
This chapter focuses on investigation of spatial and temporal patterns of SST
and wind elds based on non-seasonal variability. The stationary harmonic sea-
sonal cycles are removed from the time series at each grid point to create non-
seasonal anomalies for all variables (e.g. Venegas et al., 2008). The dominant
space/time patterns of these elds are then studied using EOFs to highlight pos-
sible connections between the two. The main purpose of EOF analysis is to re-
duce the large number of variables of the original data that have been collected
over time, while at the same time maintaining much of the explained variance.
It is also important in discovering new meaningful underlying variables in data.
I applied the Singular Value Decomposition (SVD) described by (von Storch
and Navarra, 1999). These investigations also provide the means of identifying
propagating signals in the SST data through the use of complex Hilbert empir-
ical orthogonal functions CHEOF). These methods nd the spatial patterns of
variability inherent in each data, their time variations and give a measure of im-
portance of each pattern. The wind data are also decomposed into the complex
EOF to investigate further patterns of variability and their directions.
Datasets employed in this study are Tropical Rainfall Measuring Mission Mi-
crowave Imager (TMI) SST and QuickScat winds, both with spatial resolution
of 0.25 x 0.25 and averaged over 3-days. Prior to processing, all gaps in the data
have been optimally interpolated and for any missing data, an average of the
previous 3-day and the next 3-day are used to replace the gap. Details of qual-
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signal have been removed before calculation except for gure 7.1 and the atmo-
spheric wind data.
Figure 7.1. Maps showing the mean composites of: a) SST, b) zonal wind
speed, and c) meridional wind speed, d) vector of winds. Data is based on
3-day averaged composites for Jan 2000- Nov 2009 period.
This chapter is organised as follows: 7.2) Methods 7.3) Results, 7.4) Discussion,
7.5 Summary.
7.2 Method
7.2.1 Empirical Orthogonal Function analysis
Empirical Orthogonal Function (EOF) analysis is a statistical tool used to de-
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the original data set. The functions are called modes and are usually ranked
by their energy (variance) where the rst few orders represent the principal be-
haviour of the decomposed signal. The main application of EOFs is that each
component may be separately able to relate to dierent inuences on the ocean
signal (Robinson, 2004) Typically a few modes can provide the dominant infor-
mation of the whole data in question.
7.2.2 Complex EOF analysis
The complexities associated with oceanic and atmospheric circulation in this re-
gion and their coupling warrants the need to identify both standing and propa-
gating signals. However, EOF allows the analysis of only standing oscillations
and does not take into account the propagation of the signal. That means it
cannot be considered adequate for fully representing atmospheric and oceanic
data since it does not provide information on propagating features (Alvera-
Azc arate et al., 2005). Therefore, I thought of achieving the goal of understand-
ing variances associated with the climate of equatorial Atlantic through the use
of complex EOF and complex Hilbert EOF analyses. It is necessary to make a
clear distinction between the CEOF and CHEOF here.
7.2.2.1 CEOF Analysis
This is complex EOF that employs the use of two vector elds, and its resulting
outputs capable of showing amplitude and direction of a pattern. It is applicable
to vector elds such as zonal and meridional winds. The zonal eld is attributed
to the real part of the complex vector, and the meridional to the imaginary part.
The CEOF applied here is similar to Brink and Muench (1986), as discussed in
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7.2.2.2 CHEOF Analysis
This is Complex Hilbert EOF that is performed on a scalar eld, whereby the
scalar eld is attributed to the real part of the complexied process and the
imaginary as Hilbert transform of the scalar eld. The standing oscillations of
a mode are represented by the real part of both the spatial pattern and the tem-
poral coecients, which are similar to the conventional EOF. The additional in-
formation obtained comes from the imaginary part, which represents the signals
that are identied to be related with the real part but at 90 out of phase (Cai
and Baines, 2001). This allows both temporal and spatial phase relationships
between the standing oscillation and its subsequent features to be determined.
Unlike the EOF that provide only standing oscillations as its variances, CHEOF
has the advantage of providing an idea about propagation of the signal, and
hence it can represent the data and allow estimation of both amplitude and
phase uctuations of the spatial and temporal modes of a signal. Investigating
the evolution and displacement of a signal is essential in climate studies. Details
of my application of CHEOF are shown in appendix B, and further details are
obtainable in Jollie (1986) and von Storch and Zwiers (1999).
7.3 Results
7.3.1 The spatial and temporal distribution of SST and wind
The long-term spatial distribution of SST and zonal and meridional components
of wind are shown in gure 7.1. SST, for example, varies between the two hemi-
spheres, with north recording the highest temperatures. The equatorial north
(0-12N) stretching from the Gulf of Guinea to the west shows areas with
higher SST values (gure 7.1a). The northeast region centred at 24N/15W is
marked with lowest SST, signifying the southward ow of the North Equatorial
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the air-sea interaction (Czaja et al., 2002) plays a fundamental role in the cur-
rent theories of tropical Atlantic variability.
For the zonal winds (gure 7.1b), stronger eastward winds are concentrated in
the eastern tropical Atlantic north of the Gulf of Guinea, while stronger west-
ward winds are at the western tropical Atlantic with maximum values centred
at approximately 10S/28W and 15N/45W. The westward winds appear to
be stronger than the eastward component. The meridional component (gure
7.1c), shows southeasterly trade winds to the south of the equator with maxi-
mum values of 6 m/s in the south-eastern part of the basin, and in the north,
stronger northeast trade winds have a core at 18N/16W. The band separating
the strong southward and northward winds is the average position of the ITCZ
for all seasons. Interestingly, stronger zonal winds for both hemispheres are fur-
ther east, if compared with the Atlantic meridional mode discussed in chapter
6 (e.g. Servain, 1991). The two wind regimes (northeast and southeast) and the
SST are important elements that modulate the climate of the tropical Atlantic
region.
The relationship between SST, wind and convection dominates the rst har-
monic of the annual cycle in response to the patterns of the ITCZ seasonal vari-
ability. Mitchell and Wallace (1992) proposed that, the reason for this behaviour
lies in the response of the tropical ocean-atmosphere system to the variations of
solar insolation in the presence of the north-south asymmetry of the distribu-
tion of landmasses around the equator. This is particularly apparent in gure
7.1a, where SST signatures are observed to be stronger north of the equator.
This meridional dipole conguration is a part of the cross-equatorial SST gradi-
ent (CESG) discussed in chapter 4, whose interannual variability inuences the
coupled ocean-atmosphere system through mutual interaction with the ITCZ.
The SST anomaly time series (gure 7.2a) show the non-seasonal uctuations of
the tropical Atlantic SST. An interannual variability is clearly seen with varia-
tions of peaks and troughs during the 10-year period of the data. In these data,
seasonal signal and long-term means have been removed. Therefore, the peaksChapter 7. Non-seasonal variability of SST and winds 157
Figure 7.2. The time series of spatially averaged a) SST, b) Zonal and
c) Meridional wind components based on the 3-day means for the Jan
2000-Nov 2009 period. The time series covers the region shown in
Figure 7.1, but with long-term mean and seasonal signal removed. The
time series are further smoothed with a 21-day moving average.
that appear show time variability of the signals, which highlights interestingly
interannual variability. Even though the signals for each data set are smoothed
with a 21-day moving average, high frequency variability is still observed in the
wind data. The wind system changes faster than the SST. These time series
show that zonal wind anomalies are twice as large as the meridional component.
Non-seasonal SST and wind uctuations are best described by calculating the
standard deviation. Standard deviation exceeding 1.4C is observed from the
long-term SST data (gure 7.3a) on the western ank of West Africa around
Guinea Dome and north of it. The Guinea Dome is a permanent quasi-stationary
feature on the eastern side of the tropical Atlantic centred at 10N/22W. The
dome is part of a large-scale ow elds associated with the North Equatorial
Countercurrent (NECC), the North Equatorial Current (NEC) and the North
Equatorial Undercurrent (Siedler et al., 1992). Variability north of the GuineaChapter 7. Non-seasonal variability of SST and winds 158
Figure 7.3. The standard deviation of a) SST, b) zonal
wind speed and c) meridional wind speed for the period
2000-2009.
Dome is a quasi-temporary phenomenon that is associated with northward mi-
gration of the ITCZ. Westerly winds originating from the converging southeast-
erlies and northeasterlies cause anomalous circulation in the region resultingChapter 7. Non-seasonal variability of SST and winds 159
wind-induced Ekman upwelling.
Another region of strong std is observed around the equator in the eastern part
of the basin. This is the region of strong ocean-atmosphere coupling as a result
of tropical instability waves that show strong signatures at the northern ank of
the cold tongue during the boreal summer. Both zonal (gure 7.3b) and merid-
ional (gure 7.3c) wind anomalies exhibit strong std north of 20N that reached
an std of 4m/s. Weaker std are observed south of the equator, especially around
the region of the cold tongue. However, it is important to assess the long-term
spatial patterns and temporal variability of both SST and wind to highlight ar-
eas and times of strongest variances. This is achievable using empirical orthogo-
nal function (EOF) techniques.
7.3.2 EOF analysis of SST
The spatial patterns of EOF SST (gure 7.4) show areas with highest variance.
The rst three modes explained about 36% total variance. EOF 1 explains 17.5%
of the total variance. It exhibits the tropical Atlantic dipole with an asymmetri-
cally large variance north and south of the equator. Variations in SST between
the north and south regions are the determinants of the Atlantic Meridional
Mode (AMM), which is a large-scale climatic mode of the tropical Atlantic.
The second EOF shows strong variance (11.8%) accounting for about 33% of
the total variance, covering the cold tongue region. The cold tongue occurs as
a result of the strengthening of the southeasterly trade winds at the beginning
of boreal summer that last for 5 months. Strong upwelling of near-surface cold
waters from the southeastern tropical Atlantic spreads across the region and
crosses the equator. The development of the cold tongue leads to a rise in sea
level pressure over the equator, which further enhances the northward ow (Schott
et al., 2003). The second EOF here represents changes in strength and duration
of the cold tongue.Chapter 7. Non-seasonal variability of SST and winds 160
Figure 7.4. Spatial patterns of EOF SST anoma-
lies for the period 2000-2009. Calculations were
done after removing the long-term mean based
on the 2000-2009. Seasonal signal has been
removed prior to EOF.Chapter 7. Non-seasonal variability of SST and winds 161
The third EOF explains only 6.6% of the total variance and highlights two prin-
cipal regions of strong variance. One between 0-18N, owing to the northward
positioning of the Intertropical Convergence Zone. These signatures represent a
region where strong surface heat uxes occur the most, leading to strong convec-
tion and rainfall during the boreal summer. The second, north of 25N is due to
other dynamical factors outside the tropical domain.
Figure 7.5. The principal component (PC) time series of SST anomalies
for the period of 2000-2009. Time series are smoothed with a 21-day
moving average lter.
The principal components (PCs) of SST are shown in gure 7.5. There are sig-
natures of interannual variability for PC1 SST, and these occur in 2001, 2005
and 2009. Most notably in 2005, extremely cold temperatures were observed in
the Gulf of Guinea as shown in chapter 6. This occurred as a result of stronger
than usual intraseasonal intensication of the southeast trade winds that re-
sulted in the rapid and intense cooling of SST in mid-May 2005. These signa-
tures are also observed in PC2 and PC3 SST.Chapter 7. Non-seasonal variability of SST and winds 162
Figure 7.6. Spatial patterns of EOF zonal wind
anomalies for the period 2000-2009. Calcula-
tions were done after removing the long-term
mean based on the 2000-2009. Seasonal signal
has been removed prior to EOF.Chapter 7. Non-seasonal variability of SST and winds 163
7.3.3 EOF analysis of zonal winds
The three EOF modes of zonal wind (gure 7.6) reveal total variances explained
as 53.6%. The rst mode (EOF 1) has a variance of 32.1% (60% of total vari-
ance explained of the rst three modes). This strong variance is located north
of 18N. Similarly, EOF 2 with explained variance of 12.4% show double signa-
tures in the same region while the rest of the region has close to zero variance.
Although, they might be of the same location, their dynamic properties might
dier. The third, EOF 3 has a variance of 9.1%, accounting for 17.0% of the to-
tal variance explained. Strong areas of variance are observed north of the equa-
tor between 2-25N. A similar signature is observed in the variance plot of zonal
winds (gure 7.3b), but these two do not align with the asymmetric positioning
of the ITCZ (southwest-northeast) but instead crosses it (southeast-northwest).
The positioning of this variance reveals high frequency variability in the region
due to relative inuence of southeast and northeast trade winds. The south-
easterly winds that drive the cold tongue is much stronger the northeast and
is more sensitive to cross equatorial SST gradient (CESG) north of the equa-
tor. When anomalous SST gradient north of the equator occur, the southeast
trade winds response and eventually weakens the northeasterly winds through
wind-evaporation-SST (WES). This high frequency variability associated with
the non-seasonal anomalous winds lead to the occurrence and positioning of this
variance.
The associated time series of zonal winds (gure 7.7) consists of a combination
of local extrema and high frequency oscillations. Fluctuations of wind exhibiting
local extrema in 2001, 2004, 2005 and 2007 are observed in PC1. For PC2, the
peaks are observed in 2000, 2002, 2005 and 2006. High frequency variability is
also observed in PC3 with very insignicant signs of interannual variability.Chapter 7. Non-seasonal variability of SST and winds 164
Figure 7.7. The principal component (PC) time series
of zonal wind anomalies for the period of 2000-2009.
Time series are smoothed with a 21-day moving
average lter.
7.3.4 EOF analysis of meridional winds
The three leading modes of meridional wind EOFs together account for a to-
tal 45.8% variance (gure 7.8). The EOF1 exhibits a monopole pattern at two
regions north of 10N. This mode explains 21% of the total variance and is as-
sociated with the zonally propagating Madden-Julian Oscillation (MJO). To
conrm whether these features are due to the MJO, investigated from zonally
high-pass ltered 850hPa winds (gure 7.9) to highlight the phase of the signal.
This shows that north of 10N, atmospheric winds akin to the MJO do alter sur-
face winds.
A similar strong variance is observed in EOF2 occurring also north of the equa-
tor that seems to be connected to that of EOF1. This EOF2 accounts for 16.9%
of the total variance explained. Both EOF1 and EOF 2 show completely ho-
mogenous maps south of the equator. However, EOF3 that explains 7.9% of
the total variance shows heterogeneous characteristics with larger variance west
of the basin and another north of 20N. This area of high variance west of theChapter 7. Non-seasonal variability of SST and winds 165
Figure 7.8. Spatial patterns of EOF meridional wind
anomalies for the period 2000-2009. Calculations
were done after removing the long-term mean based
on the 2000-2009. Seasonal signal has been removed
prior to EOF.Chapter 7. Non-seasonal variability of SST and winds 166
Figure 7.9. EOF1 of the zonal 850hPa winds band-pass ltered
at 30-90 day MJO pattern. Data is based on NCEP/NCAR
reanalysis covering a period of 10-years (2000 to 2009).
basin is co-located with the variability of the North Brazil Current (NBC). The
fraction of the local variance explained decreases from west to east. These may
eect the seesawing of the thermocline and the modulation of the Equatorial
Undercurrent (EUC) and surface currents such as the seasonal North Equato-
rial Countercurrent (NECC). The principal components (PCs) associated with
these modes are shown in gure 7.10. These consist of a combination of high fre-
quency and interannual oscillations.
The EOF calculations described above are able to highlight regions having vari-
ances with strongest amplitudes of both known and unknown features. The
known features include the dipole mode of the tropical Atlantic, the cold tongue
region and the position of the ITCZ north of the equator in relation to Atlantic
thermal equator. These appear very clearly in SST data despite using data de-
void of mean and seasonal cycle. The three EOF patterns of zonal winds and
EOF-1 and -2 of meridional winds are not clearly identied with known phe-
nomena in the tropical Atlantic. However, EOF3 of meridional winds is identi-
ed with the changes in oceanic circulation akin to the ow of North Brazil Cur-
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of high frequency and interannual oscillations. However, some limitations ex-
ist in the use of EOFs without the ability to identify certain characteristic from
the variance maps or their principal components. For example, the strong vari-
ance in EOF1 meridional winds east of the basin may be associated either with
the MJO or variability of the northeasterly winds. The standard EOF analysis
however, is not sucient to ascribe this mode to any of them without knowing
its directional characteristic. I therefore, advance this investigation by studying
these variances and their expansion coecients (PCs) based on information de-
rived from both their standing oscillations and propagation characteristics using
complex and complex Hilbert EOFs.
Figure 7.10. The principal component (PC) time series of meridional
wind anomalies for the period of 2000-2009. Time series are smoothed
with a 21-day moving average lter.
7.3.5 Simulation of EOF and CHEOF
For the benet of extracting additionally important information from scalar
elds, notably SST, which the standard EOF does not provide, I have done
a number of experiments on these data. First, I experimented by calculatingChapter 7. Non-seasonal variability of SST and winds 168
CHEOF and then transforming it in the Hilbert space (HCHEOF), but the re-
sulting output could not provide any useful information. The reason is that I
expected to observed propagating signals as well as the ability of the HCHEOF
to show most of the percentage variance from very few modes. I then applied
CHEOF on the scalar eld (SST) after running a simulation to verify its ability
to provide additional information from data, which standard EOF does not.
The simulated Complex Hilbert EOF and the standard EOF results for the rst
10 modes are plotted in gure 7.11. The EOFSST1 show patterns of variability
with the rst harmonic. The second, third and fourth showed second harmonic
that are tilted dierently but basically the same feature is repeated. The ampli-
tude of CHEOF however showed consistent features all the time. The CHEOF
phase shows the relative position of each amplitude assigned to its phase in de-
grees. The rst three CHEOF Phases show rst, second and third harmonics al-
lowing the ability to infer more information of a signal than the standard EOF.
In contrast, the EOF has to take more number of modes to give information of
a particular scalar quantity, for example looking at the three harmonics which
it produces in modes 6 and 7, the CHEOF produced that with the third mode.
Therefore, complex Hilbert EOFs compress the temporal and spatial variability
into the lowest possible number of spatial patterns (Tokmakian and Challenor,
1993). It can provide information on the scalar pattern, as well as amplitude
and phase information.
7.3.6 The Complex Hilbert EOF of SST
The time and space evolution of the SST anomalies associated with seasonal
and sub-seasonal events in the tropical Atlantic can be precisely described us-
ing the complex Hilbert EOFs. The percentage variances explained as well as
their cumulative values for the rst 3 CHEOFs are summarized in table 7.1 and
contrasted with the standard EOF SST discussed in sub-section 7.3.1.1. The
rst 3 are able to account for about 37.4% of the total explained variance. It isChapter 7. Non-seasonal variability of SST and winds 169
Figure 7.11. Simulation of propagating signals in Complex Hilbert
EOF (CHEOF) compared to standard EOF using SST data.
Numbers represent modes of, a) EOF SST, b) amplitude of
CHEOF SST and c) Phase of CHEOF SST.Chapter 7. Non-seasonal variability of SST and winds 170
therefore, sucient enough to focus only on the rst 3 modes as they can ex-
plain both seasonal and high frequency variability in the region. Interestingly,
the CHEOF is able to explain more of the percentage variances as well as the
cumulative values when contrasted with the standard EOF.
Table 7.1. Comparison of percentage variances explained by the rst three
leading EOFs and Complex Hilbert EOFs of SST anomalies during the
period 2000-2009.
Mode Variance explained (%) Cumulative variance (%)
EOF CHEOF EOF CHEOF
1 17.5 19.1 17.5 19.1
2 11.8 12.7 29.3 31.9
3 6.6 5.6 35.9 37.4
The spatial amplitude of the leading SST anomalies (CHEOF-1 gure 7.12a)
shows variance of 19.1% accounting for over 51% of the total variance of the rst
three modes. The strongest variances are located around the Guinea Dome and
north of it. The location of the strong variances north of the equator and al-
most zero amplitude in the southwest explains strong variability associated with
the tropical Atlantic dipole mode. This is separated by the mean position of the
ITCZ as an anti-symmetric band of equatorial convection clearly delineated by a
zero phase (gure 7.13a).
The CHEOF1 phase shows an anticlockwise direction of a propagation charac-
teristic centered at 14W/5N. This shows that the strong variance of CHEOF1
is a feature that propagates in an anti-clockwise direction. This is attributable
to SST variability that is associated with the southward owing Canary and
Guinea Currents. The North Equatorial Current (NEC) is also seen to propa-
gate toward the southwest direction. This is interesting because the CHEOF can
show propagating characteristics associated with these modes, which the stan-
dard EOF was unable to do. This CHEOF1 shows that coastal upwelling along
the African coast around the Guinea Dome and North of it is associated with
the southward owing Canary Current. It is the most important non-seasonal
variability associated with the tropical Atlantic circulation. The Canary CurrentChapter 7. Non-seasonal variability of SST and winds 171
Figure 7.12. The complex Hilbert EOF of SST anoma-
lies for the period 2000-2009. a) CHEOF1, b)
CHEOF2, c) CHEOF3. Calculations were done after
removing the long-term mean based on the 2000-2009
data, as well as the linear trend.Chapter 7. Non-seasonal variability of SST and winds 172
region (18W, 12-18N) is one of the large marine ecosystems in Africa that are
associated with strong wind-driven coastal upwelling and primary productivity.
The second spatial amplitude of SST (CHEOF2) contributes to 12.7% of the to-
tal percentage variance. Stronger amplitudes are concentrated along at the path
of the cold tongue and the Atlantic Ni~ no region (3S-3N, 20W-0E), extending
from the southeast and along the African coastline to form a strip of variance
that crosses the equator. The CHEOF2 phase shows a northward and south-
ward propagation, which is associated with the expansion of the cold tongue
variability. This also explains the ability of upwelled waters of the cold tongue
and equatorial upwelling to both propagate north and south, constituting the
second largest variance associated with non-seasonal variability. This variability
provides additional information necessary for the understanding of the Atlantic
Ni~ no and variability associated with the tropical instability waves.
The CHEOF3 shows strong amplitude at the Guinea Dome. The CHEOF3 phase
of this mode shows that the amplitude is associated with southward propaga-
tion. This propagation is due to Canary Current that ows south to feed the
Guinea Current. Fairly large amplitudes are also observed in the north, cen-
tred by zero amplitude at the western ank of the Cape Verde Islands (22W,
20N). Variances around this zero amplitude propagate in a clockwise direction.
These are associated with the cold and saline Canary Current properties that
originate from Mediterranean Sea and Azores Current as well as the NEC as dis-
cussed by Zhou et al. (2000). The usual southwest ow is deected due to Corio-
lis force and this rotation allows water properties associated with these currents
be transported northward again and into the subtropics.
The connection between the CHEOF patterns and their time varying signatures
can be further supported by their principal components. The amplitude of com-
plex Hilbert principal component (CHPC - gure 7.14) of the three CHEOFs
show non-seasonal variability of the equatorial Atlantic based on time and cycle
of events. Strong amplitudes appear in 2000, 2001, 2002, 2005 and 2009 signify-
ing interannual variability of the CHEOF1 amplitude shown in gure 7.12a.Chapter 7. Non-seasonal variability of SST and winds 173
Figure 7.13. The spatial phase of complex Hilbert EOF
of SST anomalies for the period 2000-2009. Units
are in degrees. Increased spatial phase indicates the
direction of propagation for an increasing temporal
phase.Chapter 7. Non-seasonal variability of SST and winds 174
Figure 7.14. The temporal amplitude of CHEOF principal components of
SST anomalies for the period 2000-2009. The amplitudes are smoothed
by a 21-day moving average.
Analysis of temporal amplitude and phase requires the background information
of the features observed in the spatial CHEOFs. The rst and third CHPCs are
associated with variability of upwelling in the Guinea Dome. The Guinea Dome
develops seasonally from late spring to late fall owing to the wind-induced Ek-
man upwelling associated with the meridional migration of the ITCZ. The sec-
ond, CHPC2 is associated with variability of the cold tongue, Atlantic Ni~ no and
the tropical instability waves. The analysis of complex time series and their re-
spective phases provide time variability results of the features observed from the
spatial plots.
Let us look at the phase and amplitude plots closely. In year 2000, CHPC1 am-
plitude peak is observed in winter and become weaker by early spring the fol-
lowing year. The corresponding CHPC1 phase shows a change in phase from
90 to -50 degrees during this period. This shows anti-clockwise propagation of
the amplitude. This is similar to the rotation observed in and CHEOF1 phase.Chapter 7. Non-seasonal variability of SST and winds 175
Figure 7.15. The temporal phase of CHEOF principal components of
SST anomalies for the period 2000-2009. Increased spatial phase indi-
cates the direction of propagation for an increasing temporal phase.
The peak in 2005 (gure 7.14) however shows a clockwise rotation (gure 7.15)
by a change in phase from -90 to -180 degrees toward end of the year. These
two phenomena can be explained by the variability of the ITCZ associated with
the strengthening northeasterly and southeasterly winds. The anticlockwise
change in phase in 2000 is attributable to the strengthening of the northeasterly
winds that results in the enhancement of southerly ow, which obeys Ekman
theory. These winds become strong during the boreal autumn and modulate the
Guinea Dome variability (see Doi et al., 2009). The clockwise rotation in 2005
began in mid of the year, when the southeasterly winds become strong, and with
the emergence of North Equatorial Countercurrent (NECC) that ows north-
eastward aid in forcing variability at the Guinea Dome region. This enhances
upwelling and aect water properties in the region.Chapter 7. Non-seasonal variability of SST and winds 176
Let me consider the peak in CHPC2 in 2005 further, and its change in ampli-
tude from around May to September. It has a corresponding phase show a change
from 90 to 0 degrees, showing an anti-clockwise rotation. This is attributable to
propagation of tropical instability waves at the southern edge of the cold tongue.
The intensication of the cold tongue is associated with the strengthening of the
waves both north and south of the equator. The cold tongue was found to be
exceptionally strong in 2005 owing to strong anomalous southeasterly winds (see
chapter 6).
The third, CHPC3 amplitude shows a peak in January of 2008. The correspond-
ing phase (CHPC3 phase) shows a change in phase form 180 to 0 degrees. This
is reected in the spatial phase (gure 7.13) that showed a clockwise rotation.
This is attributable to change in the southwest owing North Equatorial Cur-
rent that is deected by the Coriolis in addition to strengthening of southeast-
erly winds.
The interannual variability associated with these CHPCs can have a signicant
contribution to the local climate, which can be weighted by the magnitude of
their respective variances.
7.3.7 The Complex EOF of winds
Associated with the SST warming/cooling is the overlying atmosphere. The
complex EOF of winds is calculated based on the formulations outlined in ap-
pendix B. The percentage variance explained for the rst 3 modes (table 7.2)
indicate that the rst three modes are sucient in explaining the major modes
of variability in the tropical Atlantic. The three CEOFs accounts for a total
variance of 51.3%, with the rst, second and third are having 32.1%, 21.8% and
8.5% respectively.
The leading spatial amplitude and direction of the winds (CEOF1) is shown g-
ure 7.16 showing large amplitude north of the region. The direction of this am-
plitude is averagely eastward, and that dominates the region north of 15N. ItChapter 7. Non-seasonal variability of SST and winds 177
Table 7.2. Fraction of percentage variance explained by the rst three leading
Complex EOFs of wind anomalies during the period 2000-2009.
CEOF Variance explained (%) Cumulative variance (%)
1 30.8 30.8
2 12.2 43.0
3 8.3 51.3
appears that the amplitudes associated with the southeasterly winds are also
strong north of the equator. The second, CEOF2 show two maxima centered
at 48W/22N associated with southwesterly winds and 17W/20N associated
with westerly winds. These patterns are associated with strong atmospheric dy-
namics such as the intraseasonal 30-90-day Madden-Julian Oscillation (MJO),
as indicated by the west to east direction shown in gure 7.9. The MJO is the
largest element of tropical intraseasonal atmospheric variability and signicantly
modulates the tropical convective system (Maloney and Shaman, 2008). How-
ever, the MJO is weaker in the Atlantic compared to the Pacic and the Indian
Oceans. For CEOF2, the western pattern is associated with southwesterly ow,
and the eastern being a feature of MJO.
These winds originate from the tropical Pacic region and modulate the atmo-
spheric boundary layer at a non-seasonal scale that inuences the 10-m scat-
terometer wind elds. African Easterly Jets (AEJ) that is driven by tempera-
ture contrast between land and ocean that spans 10-15 N may tend to weaken
the inuence of the eastward MJO on the near-surface ocean.
The third spatial amplitude (gure 7.16c) accounts for 8.3% variance and dom-
inating the equatorial band of 1S-5N. This pattern exhibits a location that is
completely opposite to the positioning of the ITCZ, and far away from the hor-
izontally aligned TIWs frontal zones (2-6N). This mode clearly shows variabil-
ity associated with southeasterly winds. These winds response to SST gradient
north of the equator through the WES feedback, and by Coriolis, deects over
to the African continent carrying moisture, hence called the monsoon winds.
Although, this pattern, to my knowledge has not appeared in the literature, itChapter 7. Non-seasonal variability of SST and winds 178
Figure 7.16. Spatial structure of complex EOF of wind anomalies for the pe-
riod 2000-2009. The amplitude is shown in colors (ms 1) and direction by
arrows. The long-term mean based on the 2000-2009 data and linear trend
were removed prior to calculation. Winds are anticyclonic in the northern
hemisphere and cyclonic in the southern hemisphere.Chapter 7. Non-seasonal variability of SST and winds 179
should be given a special consideration in spite of its relatively low variance in
the future.
Figure 7.17. The temporal amplitude of CEOF principal components of
wind anomalies for the period 2000-2009. The amplitudes are smoothed
by a 21-day moving average.
The time variability of the complex EOFs of wind are shown as amplitude time
series (gure 7.17) and directions of amplitude time series (gure 7.18). The am-
plitude CPC1 shows periodic signals each year with no apparent interannual
variability. The highest peaks are observed in the boreal winter of each year,
with winter of 2001 having the highest peak, while lowest peaks in the boreal
summer. The corresponding temporal phase of this principal component (gure
7.18) shows the direction of this amplitude to 180 degrees, indicating southward.
It appears that the mechanism driving this signal is responsible for other peaks
in boreal winter such as 2002, 2003, 2005 and 2008.
The second amplitude (CPC2) also shows high frequency variability. This is
due to fast changing wind patterns comparable to SST, which takes longer time.Chapter 7. Non-seasonal variability of SST and winds 180
The peak amplitudes during boreal winter of 2000 correspond to zero degrees of
phase (gure 7.18b) and dier with that of 2001, which is at 180 degrees. That
means the driving mechanism of winter variability of 2000 is completely opposite
to that of 2001. The amplitudes of CPC3 show peaks that are not restricted to
the boreal winter, but spread to other seasons depending on the year. For exam-
ple, the phase corresponding to the amplitude of highest peak in 2000 show 180
degrees, which occurred in summer time. This has the same phase with ampli-
tudes of boreal winter observed in 2001, 2002 and 2005.
By implication, both CPC1 and CPC2 that show large amplitudes north of 18N
are associated with an MJO phase during the winter. Maloney and Shaman
(2008) observed that intraseasonal variability of the MJO do vary during win-
ter in connection to North Atlantic Oscillation (NAO).
The third, CPC3 amplitude time series shows high frequency variability associ-
ated with the changes in wind pattern north of the equator. It should be noted
that, the spatial amplitude of this mode (gure 7.16) showed variability in the
region north of the equator that is also attributable to variability of the tropical
instability waves. Fluctuations of winds at the SST frontal zones of TIWs are
highly variable due to the coupling of the winds with warm and cold phases of
the waves. The peaks show signicant interannual variability with weaker events
in 2006, 2007 and 2008.
7.3.8 Connection with mid and high level winds
The large-scale variability observed north of the tropical Atlantic are essential to
the understanding of the ocean-atmosphere-land. I advance this study by look-
ing at the variability of atmospheric wind data at 850hPa (roughly 1.5 km - or
1mile) based on NCEP/NCAR reanalysis products. The 850hPa is roughly the
top of the convective boundary layer. This choice of height is in consideration
of wind inuence over both the ocean and land at this height, and in the regionChapter 7. Non-seasonal variability of SST and winds 181
Figure 7.18. The temporal phase of CEOF principal components of wind
anomalies for the period 2000-2009. Units (in degrees) show direction
of amplitude for each mode. X-axis labels are end of year.
having signicant mountain ranges. The major aim here is to nd the relation-
ship between atmospheric winds and the scatterometer 10-m wind eld results of
the CEOF (section 7.2.6).
The standard deviation of the zonal winds (gure 7.19a) shows strong variance
north of 30N, outside the tropical domain. This has reproduced the amplitude
observed from the scatterometer winds (gure 7.16). This is due to large-scale
wind region akin to the MJO, which are also modulated by the continental geog-
raphy over Africa,
The rst 3 EOFs are shown (gure 7.20), having a total variance of 35.8%. EOF1
(16.6% variance) shows two peaks north of the equator and centred at 25W/20N
and 20W/43N. These variances are caused by dierent mechanisms and both
may have signicant impact on the 10-m scatterometer winds. This is through
buoyancy and mixing in the lower boundary layer caused by large-scale heatChapter 7. Non-seasonal variability of SST and winds 182
Figure 7.19. Spatial variability of 850hPa NCEP zonal winds, a)
Standard deviation, b) EOF1, c) EOF2 and d) EOF3. Daily data
is averaged to 3-day to correspond with the period of SST and 10-
scatterometer winds used in this chapter. The long-term mean and
seasonal signal has been removed based on the length of data (2000 to
2009) prior to EOF calculation.
uxes. In between these variances are frontal zones that determine the boundary
between eastward winds and westward African Easterly Jets (AEJ). EOF2 re-
produced the pattern observed in the scatterometer winds (gure 7.16a) centred
at 37W/30N, conrming that the largest variances observed from the CEOF
winds north of 18N are due to the inuence of atmospheric winds. These in-
teresting features further highlight the impact of tropospheric winds to ocean
surface thereby enhancing coupling of ocean-atmosphere resulting in the dis-
tribution of moisture and heat, especially in the Sahel region. EOF3 also show
strong variances north of the equator, one centred at 58W/21N and another
55W/40N.
In order to determine the direction of these features observed from the EOFChapter 7. Non-seasonal variability of SST and winds 183
Figure 7.20. Spatial variability of 600hPa NCEP winds
for the period 15 May - 14 June 2010, a) Zonal winds, b)
Meridional winds, c) Wind vectors.
plots, I show wind distribution in the region at 600hPa (roughly 4km) (gure
7.20). The most active period of atmospheric circulation in West Africa, the
Sahel and the tropical Atlantic is during the summer and mostly at 600hPa.Chapter 7. Non-seasonal variability of SST and winds 184
These are periods when African Easterly Waves (AEWs), which are disturbances
unique to the region, develop and propagate westward, resulting in cyclogenesis
(gure 7.21). Strong westward winds (gure 7.20a) dominate the equatorial re-
gion, while eastward winds are weak except north of 30N. The meridional winds
(gure 7.20b) show very weak signature in the tropics but show strong north-
ward and southward signature. The wind vectors (gure 7.20c) show strong
activity at the equatorial region between 8-30N. This can be explained as fol-
lows: During the boreal summer, the northward monsoon southeasterlies that
cross the equator are forced to turn eastward due to Coriolis force, hence called
monsoon southwesterlies. This is accelerated due to steep pressure gradients
and converges into thermal trough and the ITCZ. These rise upward and ex-
pelled outwards of the Saharan high pressure zone to become African Easterly
Jet (AEJ). The AEJ clearly manifest in 11N (gure 20c).
Figure 7.21. The synoptic-scale development and strengthening
of cyclonic circulation in the tropical Atlantic. Image source:
Encyclopaedia Britannica 2005.
Instabilities associated with the AEJ leads to the formation of African Easterly
Waves (AEW). This is either barotropic instability, which is associated with hor-
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associated with vertical wind shear with monsoon southwesterlies owing over
easterly jet and the temperature, moisture and pressure gradients. All these are
found near the AEJ. The turning of the low-level 10-m winds (gure 7.1d) is due
to barotropic instability, while the dierence between the southwesterlies (mon-
soon winds) and jet easterlies (AEJ - gure 7.21c) is baroclinic instability. Insta-
bility theories of atmospheric circulation are beyond the scope of this chapter.
7.4 Discussion
7.4.1 The EOFs
The spatial and temporal patterns of non-seasonal SST and wind vectors are in-
vestigated. The rst and second EOF SST modes depict the Atlantic meridional
and the zonal modes respectively. The third EOF SST showed spatial pattern
associated with the meridional mode but positioned north of the equator depict-
ing the boreal summer positioning of the ITCZ centred at 10N. This shows a
dierent result compared to an earlier study by Houghton and Tourre (1992)
based on analyses of EOF SST anomalies, where the inter-hemispheric dipole
mode appeared in the rst two modes. This shows that removing linear trend
would explain more of variability associated with the tropical Atlantic region.
While EOF1 SST pattern (17.5% variance) is associated with the seasonal north-
easterly and southeasterly winds, EOF1 of zonal winds (32.1% Variance) show
patterns associated with tropospheric winds. Meridional EOF1 (21% variance),
however showed a large pattern in the east that is associated with EOF1 SST,
with another pattern in the west linked to tropospheric dynamics. This simply
explains that the meridional mode of variability is explained by the rst EOFs
of both SST and meridional winds. The meridional mode, also called the dipole
mode of the tropical Atlantic is thought to be driven by heat-uxes and there-
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EOF-1, and -3 of SST, this analysis conrms Seager et al. (2001) hypothesis,
that CESG determines the meridional positing of the ITCZ.
The second, EOF2 SST is characterized by the zonal mode of the tropical At-
lantic. This however, did not appear either in any of the rst three zonal or
meridional EOF modes of wind speed, despite the cold tonguebeing a strong
feature of tropical Atlantic variability. I conclude that the cold tongue event is
purely seasonal and driven by seasonal southeasterlies, therefore is not expected
to appear in this analysis. Therefore, variability of the zonal mode here illus-
trates changes in the intraseasonal signals associated with any or all of the fol-
lowing: the cold tongue, the Atlantic Ni~ no and the tropical instability waves.
The rst and second modes of both zonal and meridional modes are north of
18N. The positioning of these modes demonstrates inuence of subtropical at-
mospheric circulation of the MJO. At latitude 30N, I expect northeasterly trade
winds and westerly winds (which are southwesterlies) to modulate the atmo-
spheric boundary layer and inuence the transport of heat and moisture in con-
nection with the MJO.
The MJO is the largest element of intraseasonal variability in the tropical at-
mosphere, which couples with the ocean at zonal scales of 30-90 days and wave-
lengths of about 1000km (Maloney and Shaman, 2008). Yu et al. (2011) inves-
tigated the MJO from outgoing longwave radiation and QuikScat scatterome-
ter winds and found that the north equatorial Atlantic is strongly inuenced by
the MJO. They observed that 30-70 day surface winds of the MJO progresses
from the Pacic into the Atlantic through Panama and this occur during boreal
spring and winter. In a similar investigation, (Han et al., 2008) found out that
the MJO event contributes to 40-60 day zonal wind variability in the equatorial
Atlantic Ocean.
Contrasting EOF3 of zonal winds and EOF3 of SST, a similar structure is ob-
served, attributable to the meridional mode, which explains the point of conver-
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though, EOF3 SST and EOF3 zonal winds accounts for only 6.6% and 9.1% re-
spectively, they suggest an important signature that could advance the knowl-
edge of cross-equatorial SST gradient inuence on southeasterly winds. The
southeasterly winds have stronger inuence on the Atlantic Meridional Mode
(AMM) variability. Therefore, prescribing the EOFs based on non-seasonal vari-
ability will indeed highlight changes associated with the AMM. The AMM is es-
sentially the major mode of tropical Atlantic variability that aects local climate
with signicant contribution to large-scale variability. It is modulated chiey
by cross-equatorial SST gradient (CESG) (Schott et al., 2003). and is also con-
nected with the zonal mode through Bjerknes feedback mechanism (Foltz and
McPhaden, 2010).
Strong variance of meridional winds (EOF3-7.9% variance) is associated with
the North Brazil Current, and that did not appear in the SST EOF3 or the
EOF3 of the zonal winds. I attribute the lack of associated variability from the
SST EOF to ocean damping eect on emerging SST anomalies by horizontal
advection at the intraseasonal scale, which Seager et al. (2001) suggested to be
either mean or Ekman.
7.4.2 The Complex Hilbert EOFs
The complex Hilbert EOF is able to highlight details on the spatial and tempo-
ral patterns associated with the variability of the tropical Atlantic. The major
features observed are the variability associated with the Guinea Dome and that
of the cold tongue/Atlantic Ni~ no/TIWs regions.
The dome develops seasonally o Dakar from late spring to late fall due to wind-
induced Ekman upwelling, and its evolution and physical characteristics is asso-
ciated with the Atlantic Meridional Mode (AMM) (Doi et al., 2009). It serves
as a point of convergence of southeasterly and northeasterly winds during the
boreal summer, where moisture is driven toward West Africa and southern Sa-
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of tropical Atlantic climate variability. These results present non-seasonal inter-
annual variability of the dome and the region north of it. Because the dome is
associated with the northward migration of the ITCZ, it is a part of the basin-
wide wind-evaporation-SST (WES) feedback mechanism that controls heat and
moisture in the north.
The second mesoscale variability studied by the complex Hilbert EOF is vari-
ability at the cold tongue/Atlantic Ni~ no/TIWs regions. These features are inter-
woven in terms of the largest amplitude of CHEOF2 location. The cold tongue
occurs due to intense upwelling due to strengthening of the southeasterly winds
during the boreal summer. North and south of the cold tongue are tropical in-
stability waves that arise from barotropic instability of currents. The Atlantic
Ni~ no is the second major mode of variability in the tropical Atlantic. The na-
ture of rotation of the CHEOF2 and CHPC2 phases explains variability associ-
ated with the tropical instability waves having a second dominant feature in the
region.
Generally, large SST variability in the Gulf of Guinea occurs as a result of the
shallowness of the thermocline and upwelling along the equator and the coasts
during the boreal summer (Merle, 1980). Upwelling in this region however, can-
not be solely explained by the local wind regimes (Houghton, 1976; Volturiez,
1981), but is inuenced by winds over the whole basin via the equatorial Kelvin
waves (Houghton, 1983; Katz, 1997; McCreary et al., 1984). Vertical and hor-
izontal advection, vertical mixing and uxes associated with instability waves
also contribute to changes in upwelling (Foltz et al., 2003; Gouriou and Reverdin,
1992).
7.4.3 The Complex EOFs
The CEOF results show that the largest two variances of non-seasonal variabil-
ity in the tropical Atlantic are associated with the intraseasonal MJO. The third
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the cross-equatorial SST gradient (CESG). This showed interannual variability
with strong amplitudes in 2000, 2002, 2003, 2005 and 2009. This response of the
winds to CESG induces variability of the ITCZ, which is an indicative of Wind-
Evaporation-SST feedback. The WES feedback is believed to play an important
role in the tropical Atlantic variability (Mahajan et al., 2009).
7.4.4 The upper level winds
The connection between scatterometer 10-m winds and atmospheric winds are
investigated to conrm the inuence of intraseasonal tropospheric MJO on the
10-m winds. The standard deviation of 850hPa reproduced the variances ob-
served in the complex EOF plots, demonstrating that these variances in the
EOFs are caused by atmospheric winds. Further investigation to ascertain the
direction of these atmospheric winds conrmed them to be zonal that are a part
of intraseasonal variability of the global tropics, the MJO. The African Easterly
Jets appear between 18-20N, owing westward. This conrms the positioning
of the AEJ discussed by Grist and Nicholson (2001). These jets could signicant
aect the phasing of the MJO winds and its southward expansion.
7.5 Summary
In this chapter, I investigated non-seasonal variability of the tropical Atlantic
Ocean based on SST, zonal and meridional wind components. I employed EOF,
complex EOF and complex Hilbert EOF techniques in order to identify leading
modes of variability in the region and also to nd the relationship of the coupled
SST and wind elds. I have examined the observed non-seasonal characteris-
tics of SST and wind through both spatial patterns and temporal time series.
The observations show signicant interannual variability that contributes to the
non-seasonal variability. These variabilities may modulate the crossequatorial
SST gradient, thereby inuencing a change in the wind-evaporation-SST (WES)Chapter 7. Non-seasonal variability of SST and winds 190
feedback mechanism. The WES feedback mechanism is a low-frequency natural
variability of the tropical Atlantic that determines the Atlantic meridional mode
and the migration of the meridional ITCZ.
My investigations showed that non-seasonal variability of SST (EOF-1 and -3)
in the region are associated with the meridional mode, while EOF-2 SST is as-
sociated with the zonal mode. Interesting results were obtained based on the
application of complex Hilbert EOF of SST. Variability at the Guinea Dome re-
gion is found to be connected with the southward owing Canary Current. This
variability is the most important non-seasonal variability associated with the
tropical Atlantic circulation. The second most important variability is associated
with the tropical instability waves.
I observed a strong meridional variance associated with North Brazil Current
from EOF analysis, which is independent of seasonal uctuations. This explains
that the cooling of SSTs west of the tropical basin is not only associated with
seasonal variability but also with non-seasonal changes. This observed feature
could signicantly aect the meridional migration of the ITCZ due to meridional
wind forcing.
My study shows that the interannual variability exhibited by the complex Hilbert
EOFs and their principal components agrees well with the hypothesis put for-
ward by Seager et al. (2001) that the cross-equatorial-SST gradient (CESG) is
responsible for the meridional migration of the ITCZ. However, it is necessary to
explain other possible scenarios that may aect CESG. The southeasterly winds
respond to SST frontal zone of the tropical instability waves could alter the SST
and that may either delay or speed up the ITCZ migration. This depends on the
strength of the cold tongue that determines the strength of the waves.
When these regions of high EOF amplitudes observed in scatterometer winds
are compared with NCEP reanalysis winds, an almost exact match of spatial
amplitudes is observed north of 20N. My analysis suggests that tropospheric
winds have a signicant connection with the ocean than in the equatorial part
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uxes that create instability in the marine atmospheric boundary layer, which
may result in barotropic instability of the upper layers in response to the uxes.
The interaction of atmospheric zonal winds such as MJO winds and African
Easterly Jets together could aect surface winds, and hence the meridional mi-
gration of the ITCZ.
This chapter has shown that variability of the tropical Atlantic SSTs can be
explained simply as the response of surface heat uxes forced by variations in
the strength of trade winds. The response of each hemisphere to the changes
in wind pattern however diers. The northern hemisphere appears to respond
strongly to variations of southeasterly winds due to the northward positioning
of the Atlantic thermal equator ( 5N) and the SST gradient. Consequently,
variations on the SST gradient at non-seasonal scale lead to interannual variabil-
ity of the wind system and that have subsequent eect to local climate. How-
ever, the wind systems are also modulated by large-scale cross equatorial SST-
gradient as reported earlier by Seager et al. (2001). Overall, variability of the
tropical Atlantic is better understood as a coupled system that can be modu-
lated by anomalous SST signatures, especially at the TIW frontal zones as well
as high frequency oscillations. These are independently considered in chapter
eight.CHAPTER 8
Ocean-atmosphere coupling and high
frequency variability
8.1 Introduction
At the equatorial Atlantic region, tropical instability waves (TIW) propagate
from east to west, having strong signatures of mesoscale variability of 20-40
days, with wavelengths of 1000-2000km and phase speed of 0.3-0.6cm/s (Qiao
and Weisberg, 1995). These values may however, dier signicantly as a func-
tion of longitude, latitude and time of year (Strutton et al., 2001). At the mesoscale
level, the major SST signals that couple with winds are the TIWs. These waves
are important in the time evolution of heat uxes and the near-surface heat
budget (Grodsky et al., 2005; Weisberg and Weingartner, 1988). Because the
waves are stronger north of the equator than south, their impact on atmospheric
processes are asymmetric with respect to the equator. Since the tropical atmo-
sphere is inuenced by the mesoscale activities of these waves (Chelton et al.,
2001; Hayes et al., 1989), their interannual variability could inuence the local
climate as well as large-scale atmosphere circulation (Wu and Bowman, 2007b).
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I aim to nd the interannual variability of these waves, and the resulting con-
sequences of their coupling with the winds in the equatorial Atlantic. I charac-
terise them both at the south and north of the equator due to their relevance to
local air-sea interaction and convection. Because of the strong signatures of neg-
ative/positive undulations in the waves from satellite sea surface temperature, I
hypothesize that winds will respond accordingly to these undulations based on
the strength of the waves.
Recent studies of TIWs variability in the Atlantic showed that the waves are
only active in some years but not in others. Caltabiano et al. (2005) demon-
strated from a suite of satellite data, that these waves vary from year to year
and that they couple with the atmosphere to impact on the ITCZ. Interannual
variability was observed from their analysis using 4 years of SST and 2.5 years
of wind data while focusing north of the equator. A similar analysis by Wu and
Bowman (2007a) based on the period of June-July-August months showed a
slight year-to-year variability. Focusing on interannual variability of these waves
north and south of the equator is essential in understanding their variability by
region and their capacity to inuence the climate. Using 12 years satellite prod-
ucts of SST and 9 years wind data, I characterise the interannual variability of
the waves. The advantage of using a longer time series allows interannual vari-
ability to be determined based on both spatial and temporal scales.
Tropical instability waves occur in both the Pacic and Atlantic oceans. While
no consensus has been reached about the exact nature of tropical instability
waves in the Atlantic (Athie and Marin, 2008) they certainly exhibit stronger
signatures north of the equator than to the south. Bunge et al. (2007) found
no relationship between the north and south signatures, suggesting that they
are of dierent dynamical origin. Also, because these waves couple with the at-
mosphere through SST and wind as a result of buoyancy instability and mixing
(Liu et al., 2000), wind shear in the atmospheric boundary layer over the waves
is reduced. This results in higher evaporative cooling over the warm phase of the
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The state of the cold tongue in the Atlantic might be tied to the interannual
variability of the Atlantic TIWs. The cold tongue itself is directly connected to
the Atlantic Ni~ no. However, due to limited observations in the Atlantic Ni~ no, it
is dicult to assess its relationship with the TIWs.
Bunge et al. (2007) observed biweekly oscillations in the ocean velocity measure-
ments in the equatorial Atlantic as reminiscent of Yanai waves (mixed Rossby-
gravity waves), having similar signatures to those observed earlier that Houghton
and Colin (1986) attributed to meridional wind stress. Although, quasi-biweekly
oscillations in winds have also been observed by various authors (Grodsky and
Carton, 2001; Janicot and Sultan, 2001), their relationship with SST in terms of
coupling is not yet understood. However, sub-monthly variability is important in
the equatorial dynamics due to the short time variability of seasonal winds and
their coupling with SST. I develop this analysis by characterising the dominant
quasi-biweekly oscillations (5-20 days) in the tropical region to study their areas
of inuence and possible relationships with TIWs. I attempt to answer a ques-
tion: What are the roles of 5-20 day oscillations in wind-driven ocean variability
in the tropical Atlantic?
Many recent studies of air-sea interaction focus on oceanic fronts and eddies,
and have shown positive correlation between sea surface temperature, wind speed
and heat uxes out of the ocean (Chelton et al., 2001; Hashizume et al., 2001).
This indicates that the ocean is forcing the atmosphere, and that is contrary to
large-scale climate modes, where negative correlations indicate that atmosphere
is driving an ocean response (Small et al., 2008). There are various reasons why
the atmosphere is aected by ocean fronts and eddies and these are explained
in (Small et al., 2008). As the wind blows over an SST gradient, an air-sea tem-
perature dierence and air-sea humidity dierence are generated. This leads to
changes in near-surface stability and surface stress as well as latent and sensible
heat uxes (Hayes et al., 1989). During the boreal summer monsoon, the south-
east trade winds are stronger, inuencing the formation of the cold tongue and
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fronts and/or eddies produce a relative motion between the ocean and the atmo-
sphere, acting to change the surface stress, thus aecting the atmosphere as well
as feeding back to the ocean (Cornillon and Park, 2001; Kelly et al., 2001). In
this analysis, an attempt is made to nd out whether correlations at the major
TIW frontal zones dier from those in other regions of the equatorial Atlantic.
I hypothesis that the positive correlation between SST and wind stress elds at
the TIW frontal zones dominate the tropical Atlantic region.
Datasets employed in this study are 12 years of TMI SST (1998-2009) and 9
years of QuickScat wind, both with spatial resolution of 0.25 x 0.25 and av-
eraged over 3-days. Prior to processing, all gaps in data have been optimally
interpolated and for any missing data, an average of the previous 3-day and the
next 3-day are used to replace the gap. For the time series at each location, the
seasonal signal is estimated and removed to leave non-seasonal and interannual
anomalies. All correlations are calculated as r and not r2.
This chapter is organised as follows: 8.2) Methods 8.3) Results, 8.4) Discussion,
8.5 Summary.
8.2 Method
8.2.1 Tropical Instability Waves
I applied a Fourier lter designed using prior knowledge of TIWs approximate
range of wavelengths and periods, having 5-14 in longitude and a 15-40 days
window (Qiao and Weisberg, 1995). This is applied to both SST and the wind
data sets and are analysed in sub-section 8.3.1.
8.2.2 Correlation
The Spearman's correlation (r) is applied to non-seasonal SST and wind stress
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every pixel of SST is correlated with a corresponding pixel of wind stress com-
ponent covering the 9 years period of the 3-daily data sets. This method is also
applied in the correlations of SST and wind stress curl, wind stress divergence
and wind speed in section 8.3.6.
8.2.3 Wind stress
To estimate surface wind stress, , for each scatterometer 10-m wind vector, the
bulk formula based on Smith (1988) as detailed in Piolle and Bentamy (2002) is
used.
8.2.4 Wavelet analysis of SST and wind stress
Due to ambiguity in the coupled relationship between atmospheric and oceanic
processes, various methods are applied to infer these relationships. In section
8.3.2 of this chapter, spatial cross-correlation between wind stress elds and SST
has been determined. I advance this analysis by implementing a dierent ap-
proach, a more rigorous statistical technique using wavelet analysis to assess the
inter-relationships between wind stress elds and SST.
The wavelet is a function, which represents a waveform that is contained within
a nite domain (Graps, 1995). This is in contrast to the sine and cosine func-
tions used in Fourier analysis that extend out to negative/positive innity (be-
ing globally uniform in time and have nite span) (Lau and Weng, 1995). The
wavelet0s ability to consider nite domain allows it to do better work by approx-
imating sharp spikes in data, than does Fourier analysis. A common ground be-
tween Fourier and wavelets is that they both treat data series as signals and de-
compose them into coecients that represent variance (Lindsay et al., 1996).
However, the wavelets rapidly decrease to zero about a nite point, interval,
space or time (Si and Farrell, 2004). This allows it to produce a coecient asso-
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data. Even though, Fourier analysis is well suited to quantifying constant peri-
odic components in a time series, it is not able to characterise the signals whose
frequency content changes with time (Cazelles et al., 2007). In essence, wavelet
analysis allows localised investigations of co-variability between the two signals
as well as their phase relationships.
There are two classes of wavelet transform: the Continuous Wavelet Transform
(CWT) and its discrete counterpart (DWT). The CWT is good for feature ex-
traction while the DWT represents data in compact form and is important for
noise reduction (Grinsted et al., 2004). In this analysis, the CWT is chosen
to enable me to extract relationships between SST and wind stress elds. The
CWT has an advantage of high resolution and gives a smooth spectral structure
in time-frequency domain (Setoh et al., 1999).
In order to understand the coupling characteristics of SST and wind stress elds
and their relative eect on climate, I advanced my analysis using the 3-daily av-
eraged datasets that are devoid of long-term mean based on the data length and
seasonal signal. By removing the seasonal cycle before calculation using cross-
wavelet and wavelet coherence, important signals that vary from year to year
can be studied at dierent periods and magnitudes, as well as sub-seasonal vari-
ability. Because changes in the winds are much faster than that of SST, I main-
tained the data to 3-daily averages before analysis covering 2000 to 2009 to al-
low high frequency variability to be determined.
8.2.4.1 Continuous wavelet transform (CWT)
Continuous wavelets are not orthogonal, and therefore, there is overlap and re-
dundant information between wavelet coecients of all locations and scales.
This makes continuous wavelet transform very important for scale analysis (Si
and Farrell, 2004) and hence good at extracting features. The CWT is very re-
sistant to noise. Therefore, its application for climate studies is ideal, for exam-
ple extracting relationships between a coupled SST and wind elds. The contin-
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where, s is scale, u is displacement,   is the mother wavelet used, and  means
complex conjugate. The CWT is therefore, the convolution of the data with a
scaled version of the mother wavelet. The adjustable parameter, Morlet is set 8,
as this yields the best resolution level for both frequency and time. The Morlet
wavelet is dened as:
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where fb controls the wavelet bandwidth, and fc is the wavelet centre frequency.
A value of 1.0 is chosen for fc, so that scale becomes equivalent to wavelength.
8.2.4.2 Cross wavelet transform (XWT)
In order to compare the two time series, cross wavelet transform (Torrence and
Compo, 1998) is used. Cross-wavelet transform shows the time frequencies where
time series have common power. The wavelet coherence shows time frequencies
where time series co-vary. Since the coherence does not show the power at those
frequencies, it can be inferred directly from the cross-wavelet plots. The lead-
lag relationships can also be determined from the phase represented by arrows.
The structure of the equation is like calculating a product-moment correlation
coecient, which is dened by Torrence and Compo (1998) as the ratio of joint
variation to total variation of two variables. This is given by
CWT1;2 = CWT1:CWT

2
is a complex quantity having an amplitude (the cross-wavelet power) given by
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and local phase  :
 = arctan

=(CWT1;2)
<(CWT1;2)

The phase  can range between   to  as a measure of phase correlation be-
tween the two data sets.
8.2.4.3 Wavelet Transform Coherence (WTC)
Wavelet coherence is another important quantity used to nd frequencies in
space where the two time series covary, but may not have the same power. By
studying the cross-wavelet and coherence wavelet, both the power of co-variability
and frequencies of strongest coherence can be studied. Wavelet coherence does
not rely on stationarity, but does provide location specic information (Yates
et al., 2007). The wavelet coherence (WTC) is given by:
CWT
2(s;t) =
jhs 1Wxy(s;t)ij
2
hs 1 jWx(s;t)j
2ihs 1 jWy(s;t)j
2i
0
where h:::i is the smoothing in time and scale, and other factor s 1 converts
wavelet power to energy density. Wavelet coherence can be considered as lo-
calised cross-correlation coecient between two time series in frequency-space.
The phase relationships between wavelet coherence time series can be deter-
mined as in cross-wavelet transform, except that their results would dier due
to smoothing applied to data in coherence calculations. The condence intervals
are determined using Monte Carlo method (Grinsted et al., 2004).
8.2.5 High frequency variability
I use 10 years of data and ltered SST and zonal and meridional wind stress to
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comprising SST and wind stress elds have had their long-term mean and sea-
sonal cycle removed. The data are then subjected to 5-20 days time and 5-10
spatial grid windowing using a bandpass lter based on Fourier analysis. The
ltered data are then subjected to EOF analysis described in chapter 7. This is
analysed in section 8.3.7.
8.3 Results
8.3.1 Interannual variability of TIWs in the Gulf of Guinea
In this section, I study the interannual variability of the waves at latitudes 3S
and 3N, and along longitudes 20W to 5E. The interannual anomalies of SST
and wind stress magnitudes are passed through a bandpass lter (keeping only
15-40 day signals) in order to highlight the waves. The latitude belts of 3S and
3N are chosen as they represent the southern and northern edges of the At-
lantic Ni~ no (3S-3N, 20W-0E), while still on the edges of the TIWs. This may
provide an insight into how interannual variability of the waves could aid in the
warming/cooling of the Atlantic Ni~ no. Characterising these waves and attempt-
ing to contrast them based on north-south locations from a decade of satellite
observed data therefore, might provide a better hint on their temporal and spa-
tial extent.
8.3.1.1 Tropical instability waves at 3S
The tropical instability waves at 3S (gure 8.1) show signicant spatial and
temporal variability at interannual scale. The waves become apparent from May
and persist toward end of year. However, a substantial longitudinal variability
is evident in all the years. For example, in 1999 the waves exist only within 17-
20W and did not appear in the eastern basin, compared to 2002 and 2003 when
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Figure 8.1. Longitude-time bandpass-ltered SST anomalies along 20W to
5E on latitude 3S. The plots cover a period of 12 years (1998 to 2009).
Units are in C.
The wind stress magnitude of the TIWs is shown in gure 8.2. There are consid-
erably weaker TIW events in most of the years with the exception of 2005 and
2006. The signals in 2005 appear during the early half of the year having strong
amplitudes east of 5W. This is interesting because in the far eastern Gulf of
Guinea, the waves would have been expected to be weaker due to proximity to
land to the north and east. This is reected in the SST for the same period (g-
ure 8.1). During the mid-2006, the waves are stronger east of 0E from the wind
data that is also reect in the SST data. This suggests that the waves in the re-
gion are aected not by remote forcing but by direct winds that act to modify
the SST. Although, the signatures of these waves are weaker from these plots
(gure 8.1 and 8.2), this does not mean that they are generally weaker. The sig-
nals of TIW are tied to the seasonal signal of the tropical Atlantic, which has
been pre-ltered. Hence, the representation here highlights non-seasonal vari-
ability and interannual signatures of the waves. The waves were also weaker in
2007 and 2008 and these are associated with reduced cold tongue due to theChapter 8. Ocean-atmosphere coupling and high frequency variability 203
Figure 8.2. Longitude-time bandpass-ltered wind stress magnitude
anomalies along 20W to 5E on latitude 3S. The plots cover a
period of 9 years (2000 to 2008). Units are in Nm 2.
weakening of the southeasterlies.
8.3.1.2 Tropical instability waves at 3N
The TIWs at 3N (gure 8.3) show signicant interannual variability with obvi-
ous signatures that begins in May, and ends in September/October. The waves
are stronger in 2000, 2002, 2003, 2005 and 2009 due to negative non-seasonal
SST anomalies observed in the ATL3 region (gure 8.5) that helped to enhance
them. This is in contrast to the years 1998, 1999 and 2008 where they showed
weak signatures due to warmer waters in the ATLT3 region that facilitates in
suppressing the waves. In 2001, the waves were only strong east of 10W and
lasted only for about 3 months. In a similar study using data from 1998-2002,
Caltabiano et al. (2005) compared the strength of the waves along latitudes 1-
4N and found a covariability of the waves with zonal and meridional winds.
Wind stress magnitude of these waves (gure 8.4) reproduced the strong waveChapter 8. Ocean-atmosphere coupling and high frequency variability 204
Figure 8.3. Longitude-time bandpass-ltered SST anomalies along 20W to
5E on latitude 3N. The plots cover a period of 12 years (1998 to 2009).
Units are in C.
signatures observed in the SST for some years, e.g. 2001, 2002, 2005. However,
the strong signatures observed from the winds in 2008 did not appear in the
SST plots. This is due to warming of SSTs that suppresses the waves (gure
8.5). In 2006, the waves pick-up from around April and lasted until August, ap-
pearing west of 0E. During the years 2001, 2002, 2005 and 2006, coupling be-
tween the overlying atmosphere and the SSTs at mesoscale level is expected to
be strong.
8.3.2 Spatial correlation of SST and wind stress elds
Ocean-atmosphere interaction in the tropics is quite unusual due to the interplay
of coupled eects. At large-scales, each medium is strongly controlled by the
boundary conditions imposed by the other (Neelin and Dijkstra, 1995). The up-
per ocean circulation is largely controlled by the previous wind stress with littleChapter 8. Ocean-atmosphere coupling and high frequency variability 205
Figure 8.4. Longitude-time bandpass-ltered wind stress magnitude
anomalies along 20W to 5E on latitude 3N. The plots cover a
period of 9 years (2000-2008). Units are in Nm2.
internal variability. The major features in the tropical atmospheric circulation
are determined by the SST, with internal variability conned to time scales be-
tween 1-2 months. These occur due to conditional instability and SST signatures
at frontal zones. This contrasts with the mid-latitude variations where internal
variability between both the ocean and the atmosphere are large.
Figure 8.5. time series of high frequency year-to-year variability of the At-
lantic Ni~ no (ATL3). Plot is produced from TMI SST anomalies bounded
by the region [20W-0, 3S-3N]. Data are based on 3-day averages with
long-term mean and seasonal signal removed.Chapter 8. Ocean-atmosphere coupling and high frequency variability 206
The year-to-year variability in the Atlantic Ni~ no region (gure 8.5) exhibits
about a 4.5 year cycle. This indicates the frequency of Atlantic Ni~ no, and shows
signicant interannual variability. While interannual variability of the TIWs af-
fect the SST, the latter also aects the atmosphere through a lead-lag relation-
ship. The most important variability in the tropical Atlantic due either to the
meridional mode or the zonal mode (Atlantic Ni~ no), occurs during the boreal
summer. The response of SST forcing to the overlying atmosphere and vice-
versa are important in driving variability such as the cross-equatorial SST gra-
dient and may modulate the climate through wind-evaporation-SST feedback.
This section highlights spatial correlation between the non-seasonal elds of SST
and zonal and meridional wind stresses during the boreal summer (June-July-
August) with data spanning 2000-2009. The time series of every pixel of SST
is correlated with corresponding pixels of wind stress eld for the period of the
data (1202 points).
The surface wind stress drives the dynamics of ocean-atmosphere boundary
layer, and is therefore expected on physical grounds to be related most directly
to the generation of surface waves and the roughness detected by radars, as well
as having a wide importance in the production of wind-driven surface currents
and the mixing processes of the upper ocean (Robinson, 2004).
Strong correlation (r=0.5) of zonal wind stress and SST is observed north of
the equator between 8-18N (gure 8.6a) just outside the region of the seasonal
TIWs. Another considerable correlation (r=-0.3) is observed along River Ama-
zon output centred at 40W/2N and at the south centred at 0E/7S. The rest
of the basin is characterised by weak correlations, implying that relationships
between zonal wind stress and SST are not signicant in the absence of seasonal
cycle.
The meridional wind stress and SST correlations also showed strong positive
correlations (r=0.55) at the same location north of the equator. However, the
plot shows a secondary correlation (r=0.4) around the equator in the Gulf ofChapter 8. Ocean-atmosphere coupling and high frequency variability 207
Figure 8.6. Spatial correlation of anomalies between SST and a) zonal
wind stress, b) meridional wind stress during JJA period. Data are
based on 3-day averages spanning 2000 to 2008.
Guinea. SST gradients inuence the wind stresses through instability of atmo-
spheric boundary layer, hence increased SST result in equivalent strong wind
stresses. It is important however to note that momentum transfer varies with at-
mospheric stability. Highly unstable lower atmosphere entails stronger momen-
tum. Anomalous wind stresses have an additional eect on ocean circulation as
a secondary circulation is ensued. This results in stronger surface currents whichChapter 8. Ocean-atmosphere coupling and high frequency variability 208
themselves act to alter the relative motion between the ocean surface and the
stress elds (Small et al., 2009).
Figure 8.7. time series of spatially averaged SST and wind stress elds
covering the whole domain. time series are smoothed with a 21-day
moving average.
8.3.3 SST and Wind Stress (CWT)
The time series plot (gure 8.7) show non-seasonal characteristics of both SST
and wind stress elds. High amplitudes are recorded that signify either warm-
ing or cooling from the SST, with peaks showing interannual variability. The
zonal wind stress shows substantial peaks in 2001, 2004 and 2005. The merid-
ional counterpart also shows peaks with substantial interannual variability. Both
interannual and short-term periodicities of these data suggest a superposition of
dierent frequencies in time. I advance investigate their type and occurrences
using Morlet 'mother' wavelet.
Continuous wavelet transform (CWT) for the SST and wind stress elds (gure
8.8) are computed using Morlet wavelet following (Torrence and Compo, 1998).Chapter 8. Ocean-atmosphere coupling and high frequency variability 209
Figure 8.8. The Continuous wavelet transform (CWT) of SST and
wind stress elds (left panel) calculated using Morlet function.
The thick black line designate the 95% condence levels against
red noise and the cone of inuence (COI) where edge eects
might distort the picture is shown in lighter shade. The global
wavelet power spectral density (PSD) for each variable (right
panel) shows amplitudes and the 95% condence level as dashed
lines.
The CWT has artefacts because it is not completely localised in time. There-
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eects cannot be ignored (Grinsted et al., 2004). The COI here is taken as the
area in which the wavelet power caused by the discontinuity of edge dropped to
e 2 of the edge value.
Apparent intraseasonal variations with a period of 17-40 days were observed in
the SST data (gure 8.8a) in 2007 having stronger amplitude PSD (gure 8.8b).
This is the most signicant intra-seasonal variability in the SST at 95% con-
dence level, and is associated with the variability of TIWs. This suggests an
important characteristic associated with the SST in that year. An anomalously
high SST anomaly greater than 2C was observed in the Gulf of Guinea during
the summer of 2007 (see chapter 6) that was associated with ooding in West
Africa and the southern Sahel (Paeth et al., 2010).
The SST also exhibits a feature at a period of 200 days between 2002 and 2004
but that did not appear in the wind stress plots. These are not connected to the
intra-seasonal variability but are related to interannual variability of the cold
tongue that is characterised by a semi-annual cycle. Interannual variability of
the cold tongue is caused by the weakening of the southeast trade winds that
force the ocean at the cold tongue region. These aect temperatures in the Gulf
of Guinea leading to cooler/warmer SSTs as observed by Marin et al. (2009).
There are evidently common features between the two wind stress components
in the wavelet power such as the signicant peaks in 35-50 day around 2004/2005.
Another similar feature with 90 days around 2001/2002 exists but the zonal
one appeared earlier and short-lived. This strongest magnitude shows the in-
herent intraseasonal variability in the time series. The PSD of the respective
wind stress time series dier, with the zonal magnitude more than 3 times the
meridional magnitude (gure 8.8d,e). Other peaks apparent within the 95% con-
dence level are in the wind stress elds, such as the 4-24 day bands that oc-
cur in 2001, 2002 and 2005 which last longer in the zonal wind stress than the
meridional counterpart. Each of these peaks has shown signicant PSD ampli-
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8.3.4 SST and zonal wind stress (XWT and WTC)
Figure 8.9. Cross Wavelet Transform (XWT- top panel)
showing period and time where SST and zonal wind stress
have high common power. Wavelet Transform squared Co-
herence (WTC-lower panel), indicating period and time
where SST and zonal wind stress covary. The 95% con-
dence levels determined through Monte Carlo are bounded
by black contours. The directions of arrows indicate phase
relationship. In phase relationship (0) is right, anti-
phase (180) is left, SST leading zonal wind stress by
90(down), and zonal wind stress leading SST -90 (up).
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shown in gure 8.9a. The abscissa is the timescale and the ordinate is the fre-
quency while the colour is magnitude of the observed frequencies. Highest mag-
nitudes occur during the years 2001 to 2004 where a pronounced signal occurs
with period of 70-128 days. The arrows at these periods face right, showing rel-
ative phase dierence between the time series, indicating an in-phase relation-
ship with zero lag. This simply explains coupling between the zonal winds and
SST, where one responds to the changes of another. These amplitudes are due
to the peaks observed in the time series in gure 8.7 occurring in the same pe-
riod. However, the wavelet coherence (WTC-gure 8.9b) shows strong coher-
ence (0.6) only in 2001 but not in 2002. I associate this with current anomalies
that act to dampen the stress elds as well as SST, particularly at the tropi-
cal instability waves (TIW) frontal zones. Earlier studies by Small et al. (2009)
showed that surface currents at the TIW region alter the stress elds and results
in damping the waves. It may also explain the impact of the Amazon output on
wind stress and SST elds west of the equatorial Atlantic.
Strong amplitudes are apparent between 2003 and 2005 and a period of 32-70
days whose phase relationship is rather complex. Although, this falls within the
95% condence limit, the corresponding wavelet coherence (gure 8.9b) is rather
weak. A signicant coherence (0.85) is observed during the period of 18-50
days that appears in late 2006 to 2008 showing an out of phase relationship.
Part of this shows considerable amplitude in the cross wavelet plot. These also
appear in the SST-zonal wind stress spatial correlations north of 10N shown in
gure 8.6a. These amplitudes and coherence might be attributable to intrasea-
sonal uctuations of the tropical oceans, the Madden-Julian Oscillations.
During 2004 and mid-2005, strong amplitude is observed at a period of 20-
40 days having an anti-phase relationship (gure 8.9). These are periods of the
TIW that couple with the atmosphere. The anti-phase relationship explains an
increase in wind speed and hence wind stress over the waves, thereby cooling the
SST. This explains that SST at the TIW frontal zones of a threshold (26-29C)
aect the heat and moisture 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boundary layer (ABL). A moderate coherence (0.6) is apparent but that is re-
stricted to a period of 32-40 days that lasts from mid-2004 to early 2005.
Figure 8.10. Cross Wavelet Transform (XWT - top panel)
showing period and time where SST and meridional wind
stress show high common power. Lower panel shows Wavelet
Squared Coherence (WTC), indicating in period and time
where SST and zonal wind stress covary. The 95% condence
levels determined through Monte Carlo are bounded by black
contours. The directions of arrows indicate phase relation-
ship. In phase relationship (0) is right, anti-phase (180)
is left, SST leading meridional wind stress by 90(down), and
meridional wind stress leading SST -90 (up).Chapter 8. Ocean-atmosphere coupling and high frequency variability 214
8.3.5 SST and meridional wind stress (XWT and WTC)
The cross wavelet transform (XWT) between SST and meridional wind stress
are shown in gure 8.10a. Strong coherence (WTC 0.9) exists between 2006 and
early 2007 (gure 8.10b) at a period that varies between 20-55 days. Although,
these are represented with weaker amplitudes in the cross wavelet transform,
they are important having exhibited that meridional wind stress leads SST (up-
ward arrows). This is related to large-scale cross equatorial SST gradient that
causes wind anomalies north of the equator resulting in a wind-evaporation-
SST feedback process. In the WES-feedback mechanism, the anomalous SST
gradient is impacted with anomalous southwesterly winds that weaken north-
easterly winds resulting in the warming of the SST (Mahajan et al., 2009). This
anomalous SST gradient may partly play a role in determining the local climate
of West Africa and the Sahel region through convective processes and rainfall.
A separate band of strong coherence (0.85) is observed in 2008 for the period of
20-40 days showing an anti-phase relationship which is represented by arrows
facing left corresponding to 180. This could be the response of wind stress
over cold SST as it crosses over the cusp-shaped features of tropical instability
waves.
8.3.6 Air-sea coupling
The region of tropical instability waves is a prime candidate for mesoscale SST
and wind coupling, particularly at the SST fronts. The o-equatorial SST front
anomalies in the tropical instability waves (TIW) region are associated with the
changes in the strength of wind on either side of the equator. The inuence of
these winds on SST as well as subsequent impacts on the near-surface circula-
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of SST and wind are assessed here based on wind stress elds and the corre-
sponding divergence/convergence, stress curl and speed. The wind stress diver-
gence and stress curl are calculated using the nite dierence method described
by (Piolle and Bentamy, 2002).
The wind stress eld becomes stronger as the winds descend over warmer SST
(gure 8.11a). Wind stress increases from 0.2 to 0.6 Nm
 2 and this coincides
with the sharp SST front with a threshold of 26-28C between 1 and 4N. The
impact of these stresses creates divergence and hence Ekman upwelling along
the SST threshold as is clearly delineated in gure 8.11b. Associated with the
SST fronts of the TIWs and their coupling with the overlying atmosphere is
wind stress curl (gure 8.11c). As the wind blows over the SST isotherms of
the northern TIW fronts, positive wind stress curl is generated. This leads to
an observed linear relationship between the ocean and the crosswind (meridional
gradient) component of the overlying atmosphere.
During the period of TIWs (May to October), an increase in wind speed (gure
8.11) results in an equivalent increase in wind stress. This induces positive wind
stress curl whose strength depends on how strong the SST is, as threshold of 26-
29C corresponds to stronger curl. At the centre of the cold tongue, where SST
remains low, wind stress curl becomes negative.
The centre of the basin (14-18W, 3-4.5N - gure 8.11) shows interesting peaks
for both wind stress and wind stress curl but not with wind divergence. These
peaks do not correspond to the SST threshold (26-29C) of the divergence, but
with SST between 28.5-29C. This explains that the wind stress divergence can
occur at smaller SST signatures compared to the other two components. This
is because strong SST fronts are related to the crosswind (perpendicular gra-
dient) in terms of meridional stresses and stress curl, but it is associated with
divergence by alongwind direction (parallel gradient). That means, wind stress
elds and stress curl can have larger magnitudes depending on the strength of
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Figure 8.11. Ten-day average maps for 11-20 June 2005
showing TIW signatures. The components of wind are in
colour, and each is overlaid with SST contours, a) Wind
stress vectors, b) wind stress divergence, and c) Wind stress
curl. Isotherm intervals are 0.5C.
8.3.6.1 Correlations of SST and wind stress curl
Wind stress curl at the edges of the tropical instability vortices is associated
with upwelling and downwelling as well as advection of temperature at the near
surface. These are very important features that signicantly aect ocean circu-
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the SST fronts is important so as to give further background basis to numeri-
cal model estimates of sensible and latent heat uxes, which are also likely to be
underestimated especially when the model0s resolution is 1 or more (Rouault
et al., 2003b).
The spatial correlation of SST and wind stress curl was conducted based on 3-
day data spanning 10 years (2000-2009 -gure 8.12) covering the boreal sum-
mer months (JJA). Strong positive correlations (r=0.6) are observed in the Gulf
of Guinea extending from about 16W to 3E that falls within the Atlantic Ni~ no
region. Other high positive correlations appear north of the equator centred
at 40W/28N, 22W/25N and north of the Guinea Dome between the conti-
nental boundary of Africa and Cape Verde Islands. Strong negative correlation
(r=0.5) is observed between 10-15N.
The strong negative correlations (r= -0.5) in the western basin both north
and south of the equator show signatures of the positioning of the ITCZ, where
the thermal equator is sandwiched by these phenomena. The negative correla-
tion around the equator shows that cold SSTs in that region are associated with
northward positioning of the ITCZ at the beginning of summer, when the south-
east trade winds are stronger. The negative anomalies at about 10-15N are
linked to the southward positioning of the ITCZ when the northeast trade winds
are stronger towards the end of summer. These are dynamics corresponding
to the Atlantic meridional mode. The two positive correlations north of 20N
explain the connections between the northeasterlies and the ocean circulation.
These correlations occur in late summer when the winds become stronger as the
ITCZ retreats to the south. However, the winds are accelerated westward by the
African easterly jets (AEJs) that lie between 5-15N, instead of south-westward.
The accelerated winds then act as stress on the warm ocean surface and with
the beta eect, leads to an anticyclonic circulation (curl). These two features are
important in the ocean circulation due to their connection to the tropical high
system and the generation of African easterly waves (AEW). The AEWs are the
energy sources for the extratropical cyclogenesis.Chapter 8. Ocean-atmosphere coupling and high frequency variability 218
Figure 8.12. Spatial correlation (r) between SST
anomalies and a) wind stress curl anomalies b) wind
stress divergence anomalies, and c) wind speed anoma-
lies. Data is based on 3-day averages spanning 2000 to
2009, and for the June-July-August (JJA) period only.
8.3.6.2 Correlations of SST and wind stress divergence
To further assess the region most inuenced by wind stress divergence in the
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calculated based on their anomalies (gure 8.12b). This shows negative corre-
lation dominating two regions along the ITCZ pathway, one along 4N and an-
other centred at 28W/14N. Weak positive correlations exist south of 7S and
along the Atlantic thermal equator at 8N. While wind stress divergence com-
puted from a 10-day data (Figure 8.11b) corresponds to an SSTTIW of a thresh-
old of 26-29C exhibiting a zonal relationship, correlation coecients of the
JJA seasonal data here shows an asymmetric positioning with the equator that
highlights a negative feedback. The reason is that SSTs of this threshold are re-
quired for maximum divergence to occur. With these calculations using anoma-
lies of data, the correlations exhibit a scenario that is driven by the meridional
mode, rather than the zonal signature associated with the SST threshold.
The negative correlation around the equator having an asymmetric nature may
elucidate the ndings of Chelton et al. (2004) on ocean eddies, that linear re-
sponse exists between divergence and alongwind SST gradient. In essence, merid-
ional SST gradients are associated with meridional wind gradients. Wallace
et al. (1989) formulated a hypothesis to explain SST-wind divergence relation-
ship. They explained that, the near-surface wind becomes unstable when pass-
ing across SST front towards warmer waters, leading to enhanced mixing in the
marine atmospheric boundary layer. Momentum from upper easterly jets is then
brought down to accelerate the surface winds. While divergence enhances the
uxes into the boundary layer, convergence aids in sinking warmer surface wa-
ters into the mixed layer.
A similar correlation was conducted using data with full seasonal signal and
mean (not shown), during the period of TIWs, and the results showed a high
negative correlation (r=-0.8) along the SST frontal zone. This is not surprising
considering the fact that the wind stress divergence eld only appears as strong
signatures when the SST fronts of TIWs reach the threshold of 26-29C that last
for 6 weeks in the Atlantic. This is an indication that the SST frontal zones are
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into the mixed layer as a result of wind shear associated with the waves. Sur-
face patches of TIW cyclones are created due to divergence (Jochum and Mur-
tugudde, 2006), thereby thinning the mixed layer. The latter is responsible for
zonal temperature advection, which is as large as meridional temperature advec-
tion. The atmosphere heats the water and then this heat is transferred into the
mixed layer through the patches due to convergence.
It should be noted that with temperatures below and above the threshold, the
tropical Atlantic SST-divergence relationship would be mere random perturba-
tions.
This SST-wind stress divergence correlation suggests that the meridional mode
of the tropical Atlantic and the air-sea interaction at the TIW frontal zones
dominate the mesoscale ocean-atmosphere interaction that determines heat uxes
in and out of the ocean. In addition, coupled ocean-atmosphere models that
simulate surface heat and moisture uxes must give special consideration to the
tropical instability waves frontal zones, especially the 26-29C SST threshold to
be able to simulate them correctly.
8.3.6.3 Correlations of SST and wind speed
Correlation analysis of SST and wind speed (gure 8.12c) showed two paral-
lel maxima that are of opposite sign. These are associated with the meridional
mode of the tropical Atlantic. A strong positive correlation (r=0.6) is appar-
ent between 7-12N, while a secondary but negative correlation (r=-0.4) ap-
peared between 0-8N. The SSTs around the equator become cold after the
warm, rain-bearing ITCZ band moves northward, and also due to the presence
of cold tongue waters. This leads to a negative correlation around the equator
when the southeast trade winds ow to the north. The positive correlation north
of 8N falls within the northernmost position of the ITCZ during the late boreal
summer. The northeasterly winds correlate well with the warm SSTs and this
correlation is facilitated by the upper layer atmospheric winds resulting from in-
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in the southward migration of the ITCZ. Along the West African coast, however,
positive correlation (r=0.5) is observed which is associated with the warming
of the Gulf of Guinea during the TIWs period.
This analysis suggests that the ocean drives atmospheric variability and pushes
the rain band southward. This occurs as a result of strengthening of the north-
east trade winds accompanied by a weakening of southeasterly winds during late
summer.
8.3.7 High frequency (5-20 days) oscillations
A 2-20 day oscillation additionally forces intra-seasonal variability in the up-
per layer of the Atlantic Ocean (Athie et al., 2009). Houghton and Colin (1987)
suggested that 15-day oscillations cool the mixed layer signicantly in the Gulf
of Guinea in contrast with the net warming due to tropical instability waves
(TIWs) in the central and western parts of the equatorial Atlantic. Biweekly
oscillations were found to dominate the eastern equatorial Atlantic (Athie and
Marin, 2008), using SST and sea level data from 1999-2005, with results show-
ing signicant interannual variability. High-pass ltered wind stress anomalies
covering the period of May-June 2003 overlie the anomalies of SST for the same
period at the western boundary currents (Gulf Stream, Kuroshio, South Atlantic
and Agulhas) (see Nonaka and Xie, 2003; Small et al., 2008). However, these
studies did not focus on 5-20 day oscillations and their analysis depended mostly
on short data records. The goal of this sub-section is to assess the spatial and
temporal variability of oceanic and atmospheric processes at sub-monthly peri-
ods (5-20 days). The motivation is to attempt to answer the question: What are
the roles of 5-20 day oscillations in wind-driven ocean variability in the tropical
Atlantic?
This analysis is based on pre-ltered data sets. I consider only the rst EOF
spatial variability and standard deviation of the ltered data, which together
would show regions with strongest variability. Longitude-time plots (not shown)Chapter 8. Ocean-atmosphere coupling and high frequency variability 222
covering the period of the data set in this section showed that the features just
north of the equator are westward moving and are characteristics of TIWs.
Figure 8.13. Analysis of high frequency variability of
5-20 days and longitude span of 1-5 based on band-
pass ltered SST data. These are, a) EOF1 SST, b)
cumulative percentage variance of EOF, c) standard
deviation of ltered data (C). Data are based on
TMI SST of 3-daily averages spanning the period of
2000-2009.Chapter 8. Ocean-atmosphere coupling and high frequency variability 223
8.3.7.1 Dominant patterns of SST
The 5-20 day ltered EOF1 of SST and EOF cumulative variance are shown
in gure 8.13. The strongest variance associated with EOF1 SST at the sub-
monthly period are concentrated north of the equator between 0-4N and longi-
tude span of 34-1W.
The analysis demonstrates that the rst few EOFs explain most of the variabil-
ity, with the rst EOF explaining over 10% of the total variance despite using
a non-seasonal anomaly data. The rst 5, 10 and 15 EOF modes explain about
38%, 47% and 54% of the variance of SST respectively (gure 8.13b). To quan-
tify the degree to which the dominant EOF1 represent the total variability in
the data, I present the standard deviation (std) of the ltered data for the pe-
riod of investigation. A very high std is observed north of the equator mirroring
the position of the high variance observed in EOF1. This is because SST gradi-
ents are by far larger north of the equator than the south, and that the waves
are created by a current shear between the North Equatorial Countercurrent
(NECC) and the northern branch of South Equatorial Current (nSEC).
8.3.7.2 Dominant patterns of zonal wind stress
The analysis presented in gure 8.14 show EOF1 of zonal wind stress, EOF cu-
mulative percentage variance and standard deviation of the ltered data based
on the submonthly periods (5-20 days). The spatial pattern of EOF1, having
over 16% variance (gure 8.14) shows a fairly homogenous distribution across
the whole equatorial basin with no distinction between north and south of the
equator. Strong variances are observed o Brazil in the west and Congo in the
east. Westward moving features have been observed from a movie created from
a series of ltered images of this data prior to EOF (not shown) and that dom-
inate but do not compare with large variances north of the equator observed
from the SST data seen earlier in gure 8.13. The cumulative variance show
that the 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Figure 8.14. Analysis of high frequency variability
of 5-20 days based on bandpass ltered zonal wind
stress data. These are, a) EOF1 zonal wind stress, b)
cumulative percentage variance of EOF, c) standard
deviation of ltered data (m/s). Data are based on
QuikScat scatterometer winds of 3-daily averages
spanning the period of 2000-2009.
variance of zonal wind stress respectively (gure 8.14b). The degree to which
the dominant EOF1 represent the total variability in the data is presented by
the standard deviation of the 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the basin centred at 10E/4S and at 37W/3S, which is slightly reected in
the EOF1 plot.
8.3.7.3 Dominant patterns of meridional wind stress
The spatial pattern of EOF1 of meridional wind stress is shown in gure 8.15a,
exhibiting over 18% of the total variance. A basin scale homogenous charac-
teristic is observed showing westward moving features with signicant variance
centred at 10E/4S and at 37W/3S. These variances are apparent from the
std plot (gure 8.15c), and also appeared in the zonal wind stress plots in gure
8.14. The cumulative percentage variances of the EOF decomposition are shown
in gure 8.15b, which demonstrates that the rst 5, 10 and 15 modes explains
about 63%, 76% and 80% of the variance of meridional wind stress respectively.
8.3.7.4 Time variability of 5-20 days oscillations at 3N
The spatial patterns of variability associated with SST and wind stress compo-
nents (subsection 8.3.7) showed signicant variances, with SST demonstrating
stronger signatures north of the equator, while wind stress at the western and
eastern extreme ends. Here, I show time variability and longitude dependency of
these signatures and attempt to explain what makes those variances dier in the
spatial distribution shown above. I focus on 3N, to allow comparison with SST
signatures observed in the SST EOF variance shown in gure 8.13a.
The 5-20 day bandpass ltered SST data (gure 8.16a) show oscillations at sub-
monthly periods that are associated with TIWs. These signatures stretch from
around 30W to 5W, and appear from early July to mid-September. The zonal
wind stress (gure 8.16b) reveals strong signatures that span 22-12W. These
waves however, are short-lived and appeared only in July. Their time and space
features however overlap with that of SST, typifying a connection between ocean
and atmosphere at these periods and space. The signature of the waves in the
meridional wind stress however is weak, but interestingly showed a di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Figure 8.15. Analysis of high frequency variability of
5-20 days based on bandpass ltered meridional wind
stress data. These are, a) EOF1 meridional wind
stress, b) cumulative percentage variance of EOF, c)
standard deviation of ltered data (m/s).
timing. Their features exhibit monthly variability, appearing in June, July and
September/October periods but not in July. This attests to the fact that the
zonal and meridional wind stresses are independent, although an overlap is ev-
ident in July months. In July, the meridional wind stress occurs mostly in the
east, and the subsequent appearance in September/October occurs to the west.Chapter 8. Ocean-atmosphere coupling and high frequency variability 227
Figure 8.16. High frequency variability of 5-20 days based on band-
pass ltered SST and wind stress anomaly data at 3N. These
are longitude-time plots of, a) SST, b) zonal wind stress and,
c) meridional wind stress. Data are based on TMI SST and
QuikScat scatterometer winds of 3-daily averages for the year
2003.
I have characterized 5-20 days oscillations in the equatorial Atlantic based on
anomalous SST and wind stress data. Strong variances associated with tropi-
cal instability waves are apparent from the spatial SST variance and standard
deviation but restricted to north of the equator. These observed characteristics
point to the fact that the 5-20 day oscillations are features of TIWs, and hence
are important to ocean circulation especially in the modication of the upper
layer heat content as well as important coupling with the atmosphere. Other
parts of tropical Atlantic however show a clear homogeneous behavior, suggest-
ing that the 5-20-day periods are associated with the tropical instability rather
than other physical phenomena.
The wind stress patterns for both zonal and meridional components exhibitChapter 8. Ocean-atmosphere coupling and high frequency variability 228
characteristics having large variances to the east and west of the basin. Their
appearance in the eastern and western parts of the basin corresponds to areas
of strong river outow. High variances in the eastward region occur at the River
Congo output and variances in the west at River Amazon output. River Congo
output is situated along the Angola Current and River Amazon at the North
Brazil Current. This implies that wind stress elds appear to be modulated by
5-20 days oscillations associated with these currents that are signicantly main-
tained by river output.
The main ndings of this sub-section is that SST and zonal wind stress reveal
robust covariability of 5-20 days oscillations in July, but atmospheric forcing in
September/October is altered by an ocean response that damps the stress elds.
River output of Amazon and Congo do alter wind stresses and these could inu-
ence the local climate through modication of heat uxes and hence convection.
8.4 Discussion
8.4.1 Tropical Instability Waves
A marked longitudinal variability is observed at 3S (gure 8.1) from SST data.
The reason is that SSTs were warm in 1999, leading to a weak wave activity
due to a reduced cold tongue (Wu and Bowman, 2007a). This year-to-year vari-
ability is due to dierent dynamical factors that cause or modulate the waves.
For example, the strength of the cold tongue, as well as the background winds
west of the tropical Atlantic facilitates the shallowing of the thermocline in the
eastern basin. These winds at the western basin inuence the eastern basin via
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The interannual variability exhibited by the TIWs north and south of the equa-
tor may not be explained by a single mechanism. This is due to the highly vary-
ing nature of the Atlantic Ni~ no region, which is also linked to the Atlantic merid-
ional mode (Foltz and McPhaden, 2010) and the equatorial Kelvin waves. Pos-
itive feedback between SST, thermocline depth and winds (Bjerknes feedback)
also tends to sustain the Atlantic Ni~ no region where these waves are sampled,
especially during the boreal spring and summer (Chang et al., 2001; Keenlyside
and Latif, 2007). Because the zonal temperature gradient is associated with the
Walker circulation, the weakening or strengthening of the latter through large-
scale ENSO modes such as the Pacic El Ni~ no will undoubtedly cause an eect
on Atlantic Ni~ no.
This explains the interannual variability observed in the TIWs at the southern
(3S) and northern (3N) boundaries of the Atlantic Ni~ no. The inability of both
SST and wind elds to fully show covariability in their signatures on year-to-
year basis and along longitudes partially disqualify my earlier hypothesis that
this would occur. This essentially points to the fact that the 10-m wind elds
are forced by dierent dynamics that oppose the SST forcing, but that depends
on the year and longitude space. This could be large-scale ENSO forcing that
weakens the southeasterly winds. TIWs are caused by instabilities of current
anomalies, hence their signatures will persist despite weak southeasterlies.
The equatorial Kelvin waves also play an important role in the evolution of
SSTs in the eastern equatorial Atlantic. Strong easterly (westerly) winds in the
western basin generate anomalous upwelling (downwelling) that propagates east-
ward along the equator waveguide as Kelvin waves reaching the boundary 1-2
months later (Servain et al., 1982). In the absence of Coriolis force, the north-
ward branch of the South Equatorial Current (nSEC) ows westward along the
equatorial band, opposite to the direction of the Kelvin waves. This anomalous
east-west circulation, in addition to variability of the strength of the cold tongue
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8.4.2 Spatial correlations
Spatial correlations between SST and wind stress vectors (gure 8.6) provide a
clear picture of how the ocean and atmosphere couples during the boreal sum-
mer, which is a period of dynamical importance. For example, SST gradients
north of the equator are thought to create coupling anomalies through the wind-
evaporation-SST feedback (Mahajan et al., 2009). The resulting anomalous
winds at the marine atmospheric boundary layer (ABL) cause convergence of
water vapour leading to deep convection. The low-level moisture convergence at
the ABL north of the equator is directed eastward based on the WES hypothe-
sis arising from deection due to Coriolis eect. The magnitude of this anomaly
will aect the local climate of the surrounding continent. Orographic inuence
may aid in such inuence either positively or negative. While these correlations
concentrate on the boreal summer months, other seasons may also play a part in
determining the tropical Atlantic climate variability. The earlier hypothesis that
positive correlation between SST and wind stress elds at the TIW frontal zones
will dominate the tropical Atlantic region is disproved. Correlations from SST-
zonal wind stress were rather weak, and those of SST-meridional wind stress are
negative. I observed that high positive correlations occur between these vari-
ables but within a certain threshold of SST (26-29C).
8.4.3 Sub-seasonal variability
The apparent sub-seasonal variability observed from SST and wind stress vec-
tors from wavelets analysis suggest an important coupled relationship between
them. The 4-24 days periodicity (gure 8.8) are related to high frequency atmo-
spheric variability in the region. These are thought to be important parts of the
intra-seasonal variability of the tropical Atlantic (Bunge et al., 2006). However,
correlated variability between ocean and atmosphere can occur at any frequency
between the 4-24 days. For example, Garzoli (1987) observed signicant coher-
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7 days. Grodsky and Carton (2001) observed 15-day oscillations between the
ocean and atmosphere from velocity measuring.
Interannual variability is observed in the SST associated with intraseasonal vari-
ability of the tropical Atlantic caused by tropical instability waves having 17-40
day cycle. This variability is prominent in 2007, when the boreal summer SST
anomaly in the Gulf of Guinea was observed to be more than 2C. This anoma-
lous TIWs SST may explain signicantly the cause of 2007 ooding in the ad-
joining continent of Africa particularly West Africa and the southern Sahel. A
wind forced intraseasonal variability of 4-24 days cycle is observed from the wind
stress data for both zonal and meridional components. This occurred in 2001,
2002 and 2005 signifying an interannual variability.
However, the similarities shown by these periods may not fully explain in detail
the connection between SST and the stress elds. Therefore, I investigate fur-
ther the spectral co-variability between the time series using the cross wavelet
transform and wavelet transform coherence.
This analysis highlights the covariability of SST and wind stress elds based on
non-seasonal anomaly data. High frequency intraseasonal variability of 4-24 days
are apparent in the wind stress data, which signies the scale of inuence of at-
mosphere to the ocean. Although, the zonal and meridional wind stresses are
not of comparable strength, with the zonal almost 3 times the meridional, they
certainly covary, especially at the 4-24 day periods. The interannual variabil-
ity observed from the intraseasonal signals could modulate the Atlantic merid-
ional mode (AMM) and the Atlantic Ni~ no. The anomalous meridional mode
will force variability according to the wind-evaporation-SST feedback and that
results in anomalous convective processes due to enhanced heat and moisture
uxes. Anomalous AMM could also aect the zonal intraseasonal tropospheric
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8.4.4 SST frontal zone and winds
The strong concurrence between SST and wind stress (gure 8.11) highlights
a coupled phenomenon typical of TIW frontal zones. The result of this is an
increase in perturbation of surface heat uxes. Previous observational stud-
ies revealed a negative feedback of these uxes due to the evolving TIWs SST.
A correlation was found (Deser and Blackmon, 1993) between SST and stra-
tocumulus cloudiness, where increased cloudiness over a warm ocean reduces
incoming solar radiation uxes thereby cooling the ocean. In the same vein, in-
creased latent and sensible heat uxes are found (Thum et al., 2002) over the
warm phase of the TIWs that is attributable to strong coupling between SST
and winds. Weaker winds and warmer SSTs do not allow the growth of wave
activity. Therefore, the TIWs are suppressed as discussed in subsection 8.3.1.
Associated with the SST fronts is the wind stress curl. A similar scenario was
observed in the Pacic (Chelton et al., 2001), where the TIWs exhibit longer
life span than the Atlantic. Perturbations in wind stress curl are produced as
a result of TIW-induced SST gradient (Chelton et al., 2001), which generates
perturbation Ekman pumping over the TIWs. In a similar study, Spall (2007)
explained that Ekman pumping dampen the baroclinic instability in the ocean
in the presence of strong background southerly winds. From a model study, Seo
et al. (2007) showed that Atlantic TIW Ekman pumping variability is negligible
compared with dynamically induced variability by upwelling, arguing that TIW-
induced wind stress curl would not modify baroclinic instability processes in the
Atlantic. This indicates a further interest in studying the wind stress curl, as
it generates a secondary circulation that can have a resulting inuence on the
mesoscale atmospheric processes. Small-scale variability caused by the posi-
tive/negative wind stress curl may also generate upwelling and downwelling in
the open ocean, and these are vital to the dynamics, thermodynamics, as well as
the biology of the upper ocean Gill (1982).
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Xie (2004) emphasised how the winds respond to changes in SST of about 27C,
which is remarkably dierent to those temperatures below it. Two important
scenarios may explain this positive correlation observed in the Gulf of Guinea.
One is the warming of the surface waters by TIWs during the JJA months be-
tween 0-4N that coincides with the northern edge of the TIWs. The TIWs
were found to warm the Gulf of Guinea region during the boreal summer through
advection (see chapter 4). The second is, the relaxation of the southeasterly
summer monsoon winds that allow warming of the waters to the threshold of
26-29C as shown in gure 8.11. Each of these will enhance heat and moisture
uxes in the atmospheric boundary layer. The winds will respond to these changes
in the temperature and hence the enhanced wind stress curl. The wind stress
curl is calculated as in Stewart (2004). While Ekman pumping velocity is re-
lated to the wind stress curl, We =  curl 
f, positive wind stress curl is re-
lated to divergence and indicates upward ow. Therefore, negative wind stress
curl indicates convergence of Ekman transport that pumps water downward
into the ocean interior. This results in the warming of the mixed layer, and
cooling of the surface layer during the JJA months. That is, warmer surface
waters are entrained into the mixed layer. However, a similar analysis for the
other seasons (not shown) indicates a dierent circumstance, where wind stress
curl showed negative correlation with SST. I present here that, even though the
Bjerknes feedback associated with zonal mode tends to sustain and prolong the
Atlantic Ni~ no mode during boreal spring and summer (Hormann and Brandt,
2007; Keenlyside and Latif, 2007), the dynamics associated with the summer
period of the Atlantic Ni~ no north of the equator is largely due to ocean front-
atmosphere interaction. The Bjerknes feedback may contribute but to a lesser
degree in the summer months, but larger in spring when the northeast trade
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8.4.5 High frequency variability
Interesting results were seen in the high frequency 5-20 days and 2-5 longitude
ltered data. Homogeneity in the long-term intra monthly variability as indi-
cated from the wind data justies that at large-scale, the fast changing wind
patterns do not always correlate with SST. However, relationships exist at a
time lag that typically depends on both the relaxation and strengthening of the
winds and the warming/cooling of the SST. These westward moving waves have
been found to interact with the atmosphere through thermodynamic processes
(Chelton et al., 2001), and hypothesized by Wallace et al. (1989) to modify the
atmospheric boundary layer stability.
It should be noted that the appearance of the waves in September/October
in the meridional plots (Figure 8:16c) did not reect in the SST data (Figure
8:16a). This does not mean that the ocean did not respond to the atmospheric
forcing to mirror features of these perturbations. The ocean may be experi-
encing strong surface currents that dampens the strength of the stress elds
thereby inhibiting their imprint on the SST. An analysis by Small et al. (2009)
showed that ocean surface currents act to weaken wind stress elds thereby al-
tering their eect on the ocean surface. I deduce here that the emergence of
North Equatorial Countercurrent (NECC) in July and its strengthening in Au-
gust/September may have helped adjust the usual response of the ocean from
the inherent atmospheric perturbations. The September/October signature ob-
served in the meridional plot points to an atmosphere forcing the ocean. Whether
this phenomenon is related to the Atlantic Ni~ no II observed by Okumura and
Xie (2006) that appear in November/December period, or the secondary bloom
observed during late spring by Grodsky et al. (2008) are a matter of future in-
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8.5 Summary
I have examined the observed characteristics of non-seasonal variability in the
tropical Atlantic region using satellite data. My ndings are summarized as fol-
lows:
Variability in the interannual signatures of tropical instability waves investigated
at the Atlantic Ni~ no region show that both Bjerknes and ENSO feedback mech-
anisms are responsible for driving such year-to-year variability. The equatorial
Kelvin waves that propagate from the west to the eastern basin signicantly
modulate the near-surface and thermocline depth in the Atlantic Ni~ no region
through Bjerknes feedback. The inability of the oceanic imprints of TIWs to
cause a relative response to overlying winds in some years points to the fact the
10-m wind elds are sometimes modulated by dierent dynamics that opposes
coupling with SST. I propose that large-scale ENSO modes are responsible for
weakening the southeasterly winds. SST signatures of TIWs however, persist at
these periods despite weaker winds since they are driven by instabilities of cur-
rent anomalies and not by the winds.
Coherent 18-50 days intraseasonal signals of Madden-Julian Oscillation (MJO)
feedback onto the tropical Atlantic Ocean is observed, with SST forcing the at-
mosphere, which also shows interannual variability. I suggest that this clear con-
nection between the ocean and intraseasonal tropospheric variability are due to
anomalous cross equatorial SST gradient (CESG) that occurs north of the equa-
tor. While the CESG-induced variability inuences the north-south migration of
the ITCZ, it also couples with the MJO through wind-evaporation-SST (WES)
feedback and may inuence variability of the MJO through eastward transfer of
heat and moisture.
My results show that 5-20 day oscillations in the tropical Atlantic SST elds
are associated with the signals of tropical instability waves based on both spa-
tial and temporal signatures. These also represent regions of largest variances
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wind stresses showed variances along River Amazon and River Congo outputs,
where North Brazil Current (NBC) and Angola Currents (AC) are located re-
spectively. This implies that 5-20 day wind stress elds are signicantly modu-
lated and maintained by these currents due to mainly river outputs.
Spatial correlations between SST and wind stress elds during boreal summer
show strong positive correlations north of the equator, and negative correlation
around the equator. The positive correlations illustrate a region that inuences
the Atlantic meridional mode through WES feedback mechanism. High posi-
tive correlations signify higher heat and moisture uxes in the marine atmo-
spheric boundary layer and higher rainfall over land in the east. Correlations
between SST and wind stress divergence suggests that the meridional mode of
variability and the TIWs SST frontal zones dominate mesoscale air-sea coupling
that determines heat uxes out of the ocean. I suggest here that coupled ocean-
atmosphere models that simulate heat and moisture uxes must consider the
TIW frontal zones, especially the 26-29C SST threshold in order to be able to
simulate them correctly. I observed that high positive correlations occur between
SST and wind stress divergence but within SST threshold of 26-29C.
A 17-40 day variability in the SST observed in 2007 from cross wavelet trans-
form of SST and zonal wind stress is associated with the intraseasonal vari-
ability of the TIWs. This also corresponds to an abnormally high SST in the
Gulf of Guinea that caused anomalous convection leading to ooding over West
Africa and the Sahel in 2007 as previously examined in chapter 6.
The relative eects of SST and wind stress elds at 5-20 day signals are investi-
gated. At the tropical instability region, the response of meridional wind stress
to SST forcing is hampered by current anomalies that act to dampen the strength
of the winds. These current anomalies associated with the North Equatorial
Countercurrent (NECC) weaken the signatures of TIWs imprint in Septem-
ber/October months.CHAPTER 9
Conclusions, Future Directions and
Final Remarks
9.1 Conclusions
In this section, the main conclusions of this thesis are drawn and some thought
about future investigations in the Gulf of Guinea, West Africa and Sahel regions
are given. The conclusions are linked with the questions raised in the motivation
and that covers the ve main results chapters.
9.1.1 Temperature advection
What are the scales of contributions of TIWs to horizontal temperature ad-
vection?
Meridional temperature advection is found to be larger than the zonal advec-
tion component from both satellite and drifter data when calculated at the cen-
tre of the basin (3-8N/18-34W). However, in the Gulf of Guinea, zonal tem-
perature advection is larger and about three times larger than the meridional
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component, but this occur only in July months when TIWs are strong. The
explanation behind these is that current anomalies associated with TIWs such
as North Equatorial Countercurrent that develops during the boreal summer
enhances advection of temperatures north of the equator. To further conrm
whether these advections are caused by the waves, we decomposed the advection
term into the mean an anomaly components. Results showed that the strong
anomalous meridional temperature advections are due to current anomalies as-
sociated with tropical instability waves. My results here have contradicted cou-
pled ocean-atmosphere model results of Jochum and Murtugudde (2006), which
showed that zonal temperature advection is as large as the meridional compo-
nent. The authors however, have suggested the use of observational data to ver-
ify their results.
South of the equator at 10-12S, where zonal currents are weak, zonal tempera-
ture advection is even weaker. This area is largely controlled by mean advection
rather than anomalous advection due to the absence of current shear that can
ow against the westward South Equatorial Current.
Do the TIWs warm the Gulf of Guinea region?
At the Gulf of Guinea, zonal temperature advection is larger than meridional
advection. During boreal summer when the cold tongue is fully developed, zonal
advection associated with anomalous currents and temperatures warms the re-
gion. This anomalous warming could sucient alter the Atlantic Ni~ no and sub-
sequently the local climate through an increase in heat and moisture uxes.
9.1.2 Water properties
Variability of the Equatorial Undercurrent (EUC) and its northern and southern
branches have been examined. The variability of the EUC is heavily inuenced
by the seasonal southeasterly winds that lift the thermocline during the boreal
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I observed that perturbations of ow associated with the tropical instability
waves (TIWs) exhibited by a strong northward ow destabilises the vertical
positioning of the EUC during the boreal summer. A local maximum of salin-
ity representing the North Equatorial Undercurrent (NEUC) is observed at 5N
from a oat that sampled between 3 and 8N. This conrms previous investiga-
tions by Stramma and Schott (1999).
Is the EUC shallowing in the Gulf of Guinea linked to the strengthening of
the seasonal winds?
I show that vertical uctuations of the EUC in the Gulf of Guinea as indicated
by Brunt-V ais al a frequency is accompanied by warmer and less dense water due
to current shear associated with bathymetry. Stratication observed in win-
ter/spring of 2007 and 2008 are associated with weakening of the monsoon winds
and the zonal pressure gradient initiated from the western basin. Two phases of
warm temperatures exist at this location: One during the summer, when solar
radiation is at maximum at the equator, and another during winter, when the
SSTs and upper temperatures remain high due to absence of strong winds. This
results in four phases, each per season of thermocline adjustment to atmospheric
forcing. Although, bathymetry and current shear also contribute to these verti-
cal uctuations of the thermocline, atmospheric inuence is the primary contrib-
utor. The consequence of this is the modulation of SSTs at the Atlantic Ni~ no
region, which is an important climate determinant. The EUC shallowing in the
Gulf of Guinea is therefore, linked to the strengthening of the seasonal winds,
and its anomalous ow due to density variations associated with hydrological
cycle could impact the coastlines.
Does the EUC vary seasonally at any of its branches?
Seasonal variability of the EUC is prominent due to its alignment with the equa-
tor where it interacts with other currents such as the northern and southern
branches of South Equatorial Current. This also applies to the northern branch,
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this is not the same with its southward branch, the South Equatorial Undercur-
rent (SEUC) which do not show seasonal variability by virtue of its position.
The mean annual position of EUC varies at each of the four chosen locations
and that depends on various factors that determine their variability. The EUC
position centred at 5E/2N is inuenced by basin-wide wind system, bathymetry
as well as river runo and strong rainfall. This makes it vary in every season,
with stronger signatures in summer and weaker in winter. Heavy runo from
Rivers Niger and Volta in late summer/autumn could alter the structure of the
EUC and that ultimately weakens it by winter due to freshening.
9.1.3 Rainfall and Sea Surface Temperature
I investigate the inuence of Gulf of Guinea SST to changes in rainfall over West
Africa and the Sahel region using 12-years of TRMM rainfall and TMI SST
satellite data. Teleconnections with Pacic El Ni~ no, Benguela Ni~ no, Mediter-
ranean SST and Atlantic Meridional Mode were examined.
Is there any inuence of the Gulf of Guinea SST on West Africa and Sahel
rainfall from observational means, and at what scales?
Sea Surface temperature anomalies in the Gulf of Guinea is found to inuence
rainfall over West Africa and the Sahel with a time lag of one month. Inter-
annual variability of rainfall patterns over these regions concur well with the
variability of Gulf of Guinea SST (GG SST). The inuence of this SST how-
ever varies, depending on whether rainfall exhibits a dipole pattern between
the Guinea coast and the Sahel region or not. The 0dipole0 years are periods
when anomalous rainfall of opposite sign prevail in the Guinea Coast and the
Sahel, while non-dipole are years with ubiquitous positive or negative anomalies
throughout as reported earlier by Nicholson (2009). Dipole years occur due to
anomalous positioning of the Intertropical convergence zone (ITCZ) far north at
about 12N. The inuence of GG SST is apparent in 2007, with an anomalously
high rainfall over both West Africa and the Sahel region, suggesting a non-dipoleChapter 9. Conclusions, Future Directions and Final Remarks 241
year. This positive rainfall anomalies as a result of positive SST anomalies lead
to ooding that aected both regions in that year.
Strengthening of southeasterly winds in 2005 leads to increased wind stress re-
sulting in cooler GG SST as shown by Marin et al. (2009). This cold tempera-
ture reduces the amount of heat uxes out of the ocean, and that caused neg-
ative convective anomalies. The consequences of this are negative anomalies of
rainfall over both West Africa and the Sahel region leading to the well-documented
drought of 2005.
Is there any remote forcing that controls the moisture convergence over
West Africa and the Sahel other than the Gulf of Guinea SST?
The Pacic El Ni~ no (Ni~ no 4) correlates with both West Africa and the Sahel
rainfall anomalies, with Ni~ no 4 leading by one month. Other Pacic Ni~ no in-
dices (Ni~ no 3 and 3.4) show weaker correlations and both lead rainfall with one
month. The exact mechanism driving the relationship between Pacic El Ni~ no
and these rainfall anomalies are not well understood. However, it is known that
ENSO builds up positive SST anomalies and that increases surface heat uxes
in the Atmospheric Boundary Layer (ABL). It is therefore, likely that Pacic
El Ni~ no inuences the African rainfall anomalies through a connection with the
intraseasonal Madden-Julian Oscillation (MJO). The anomalous SSTs in the Pa-
cic create east-west sea level pressure (SLP) gradients, and that drives wind
anomalies of MJO.
9.1.4 Non-seasonal variability of SST and winds
What are the scales and propagation characteristics of non-seasonal vari-
ability?
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I identied two regions in the tropical Atlantic where non-seasonal variability
of SST vary the most, and these are the regions of Guinea Dome and of Tropi-
cal Instability Waves. A key issue in this investigation is the ability to nd the
direction of propagation of these large variances of SST and that was achieved
using complex Hilbert EOF. The largest variance observed at the Guinea Dome
is associated with the southward owing Canary Current. This is suggestive of
the inuence of northeasterly winds that perturb SSTs of the southward ow-
ing currents. The second strongest variance is connected with the seasonal TIWs
that have strong inuence on oceanic mesoscale activity at the equatorial region.
The southern branch of variance associated with the waves is found to propagate
southward.
When I compared the variances of wind patterns with those of SST, the two
largest variances appear to be independent of the SST. Investigations of the
winds were then advanced, and that showed large-scale mid and high level winds
do modulate the surface winds between 18-30N. I observed that these tropo-
spheric winds do alter the surface winds resulting in the modulation of surface
uxes that are connected to the MJO.
9.1.5 Ocean-atmosphere coupling and high frequency vari-
ability
Interannual variability of tropical instability waves was observed from both SST
and wind data. A connection between SST and wind at the TIW regions do not
always co-vary, as year-to-year variability between each variable diers.
Are 5-20day oscillations in the tropical Atlantic related to the TIWs?
SST and wind stress elds of 5-20 day intraseasonal variability are found to
be features of TIWs. These waves observed in 2003 appear to last longer in
SST from July to early September but they only exist in July in the zonal windChapter 9. Conclusions, Future Directions and Final Remarks 243
stress elds. The waves however appeared for the second time in September/Oc-
tober in the meridional wind stress but the SST did not present any imprint
during that time.
Anomalously high SST signature in the Gulf of Guinea showed strong covariabil-
ity with zonal wind stress anomalies at 17-40day in 2007. This is associated with
intraseasonal variability of TIWs. It was expressed earlier that the waves warm
the Gulf of Guinea during the boreal summer, resulting in the increase in sur-
face heat and moisture uxes that cause rainfall. These anomalous warming of
the region due to the waves has caused an increase in rainfall pattern over West
Africa and the Sahel in that year. Sea surface temperature in the Gulf of Guinea
positively correlates with West Africa and Sahel regions, and in both cases rain-
fall lagging SST with one month. Therefore, it takes approximately a month for
the ITCZ convective rain band to transport moisture over these regions.
9.2 Future Directions
Investigating the contribution of temperature advection in the equatorial heat
budget can be improved by focusing on observed data that includes currents and
temperatures. For the time being, investigations of temperature advection from
observations in tropical Atlantic can only be determined from satellite SST/-
geostrophic currents and drifter surface elds. Availability of moorings tted
with current meters and most importantly ADCP as well as temperature sen-
sors will increase our knowledge of heat transport in the tropical Atlantic region
especially at depth. Coupled ocean-atmosphere models can improve their simu-
lations on the tropical Atlantic region if TIW SST is fully considered based on
its variability north and south of the equator.
Rain gauge data products spread over West Africa and the Sahel regions can be
contrasted with satellite radar precipitation and together with SST in order to
assess impact of SST anomalies on drought and oods aect the regions.Chapter 9. Conclusions, Future Directions and Final Remarks 244
For a proper understanding of the fate of EUC in the eastern tropical Atlantic,
river discharge from Volta and Niger are required as these determine water den-
sity due to inux of freshwater. This will provide the opportunity to calculate
heat balance to carter for inux of heat in and out of the mixed layer due to so-
lar radiation and evaporation.
The connection between Pacic El Ni~ no and the MJO if investigated could high-
light properly the forcing of West Africa and Sahel rainfall variability by Pacic
El Ni~ no.
Further investigation of the origin of high variances that appear to propagate
between 18 and 30N from the meridional winds is required. Large EOF vari-
ances along the NBC can be further studied to highlight the inuence of winds
to ocean circulation and its connection to precipitation anomalies at the Nordeste
region of Brazil ( 2-12S, 36-43W).
At the TIW frontal zones, evolving anomalous SST signatures could couple with
the atmosphere to produce changes in the atmospheric boundary layer, and
hence heat and moisture uxes. This could result in momentum transfer due
to instability created by temperature dierence where upper level winds can ex-
ert signicant stress over the ocean surface. Future investigations on the coupled
variability of the TIW frontal zones and the upper winds and temperatures may
give greater insight into how these could translate into large-scale climate vari-
ability.
9.3 Final Remarks
Looking at the bigger picture, ocean-atmosphere interaction in the tropical At-
lantic falls within the realm of the wind-evaporation-SST feedback (WES) mech-
anism, the inclusively ocean-atmosphere activities due to tropical instability
waves demonstrates a uniquely interesting process. The response of the south-
easterly winds to crossequatorial SST gradient aect heat uxes. However, SSTChapter 9. Conclusions, Future Directions and Final Remarks 245
frontal zones of TIWs couples with the atmosphere in a unique way, by exhibit-
ing a threshold of SST between 26 and 29C to alter an atmospheric response.
While ocean-atmosphere processes are important to the tropical Atlantic cli-
mate, the inuence of the ocean itself to the coupling is equally important. For
example, the shoaling of the thermocline in the Gulf of Guinea is associated
with large heat uxes in the atmospheric boundary layer. The response of winds
to these uxes is enormous, and in the presence of the ITCZ, moisture is trans-
ported over long distance as rainfall.
This thesis has contributed in advancing the present knowledge of the tropical
Atlantic variability based on observational data.APPENDIX A
Coherence and Cross Power Spectral
Density
A.1 Coherence
The magnitude squared coherence (Cxy) of input signals X and Y are calculated
based on Welchs averaged, modied periodogram method. The application here
is based on Emery and Thomson (2001) and the mathworks implementation.
The magnitude squared coherence is a function of the power spectral densities
between the two signals Pxx(f) and Pyy(f) of X and Y and the cross power spec-
tral density Pxy(f) of X and Y. Coherence squared Cxy is given as
Cx;yf =
jPxyfj
2
PxxfPyyf
(A.1)
X and Y must be the same length. Coherence estimates uses Fourier analysis
to determine frequencies at which the coherence is estimated. This can be de-
termined by the sampling frequency, using periodic windowing (Hamming) to
obtain eight equal sections of X and Y. The number of overlap between these
sections can also be determined.
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A.2 Cross Power Spectral Density
The cross power spectral density (cpsd) calculates the distribution of power per
unit frequency based on Fourier analysis. It is calculated based on Welchs aver-
aged, modied periodogram as is dened as:
Px;y! =
1 X
m= 1
Rxy(m)e
j!m (A.2)
The cross correlation sequence is dened as:
Rxy(m) = E [xn+my

n] = E

xny

n m

where
xn and yn are jointly stationary random processes,  1 < n1, , and E are the
expected value operator.
The CPSD uses periodic windowing (Hamming) and considers number of over-
lapping sections in its estimates.APPENDIX B
Complex EOF and Complex Hilbert
EOF Analysis
Statistical techniques of complex EOF (CEOF) and complex Hilbert (CHEOF)
analyses and their terminologies are briey described, following closely Tok-
makian and Challenor (1993), Ueki et al. (2000) and Terradas et al. (2004).
Let U(xj;t) be an anomaly scalar eld derived by subtracting the time-mean,
x::: corresponds to spatial position andt, the time. The core of the CEOF and
CHEOF analysis consists in nding the eigenvalues and eigen vectors of a covari-
ance matrix C.
Cij = hU
(xi;t)U(xj;t)it (B.1)
B.1 Complex EOF as applied to wind data
The asterisk denotes complex conjugate, the brackets h:::i indicate time-averaging.
Here, C represents the cross-spectral matrix and is Hermitian by construction
and posses m real non-negative eigenvalues n and complex eigenvectors, En(x),
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n=1,2,:m. Once the spatial eigenvectors are calculated, their corresponding time
evolution is obtainable by the timeseries An(t) which is obtained by projecting
the data series U(x,t) onto the appropriate eigenvectors En(x), and summing all
over the locations.
An(t) =
X
j
U(xj;t)En(xj): (B.2)
The nth CEOF or CHEOF mode consists of a spatial part, i.e the pattern En(x),
and a temporal part An(t), such that the product of the two E
n(x)An(t) corre-
sponds to a representative oscillatory component present in the eld. Conse-
quently, the spatial and temporal behaviour of the nth mode can be derived by
taking the real part of E
n(x)An(t). The original complex data eld U(x,t) can
be easily and completely reconstructed by adding the empirically found statisti-
cal modes,
U(x;t) =
m X
n=1
E

n(x)An(t); (B.3)
B.2 Complex EOF as applied to wind data
The complex eld U(xj;t) shown in B.1 is
U(x;t) = U(xj;t) + iV(xj;t); (B.4)
Where U(xj;t) is the complex eld, u and v are the zonal and meridional compo-
nents of wind respectively, i =
p
 1, and t is time.Appendix B. Complex EOF and Complex Hilbert EOF Analysis 251
B.3 Complex Hilbert EOF as applied to SST data
The complex eld U(xj;t) shown in B.1 is dened as having real and imaginary
parts equal to the scalar data eld of the data and the Hilbert transform respec-
tively.
U(x;t) = X(xj;t) + i  X(xj;t); (B.5)
By denition, the Hilbert transform of a data series has Fourier components
with the same amplitude as the original scalar eld, while the phase is advanced
by =2. At a given position xj, the spectral decomposition of X(xj;t)is given by
X(j;t) =
X
w
cos(wt) + bi(w)sin(wt) (B.6)
and its Hilbert transform  X(xj;t) is given by
 X(xj;t) =
X
w
bi cos(wt)   aj(w)sin(wt) (B.7)
In a situation where the data series described by a single frequency oscillation,
the Hilbert transform would be proportional to its time derivative. In a general
case, the Hilbert transform provides information at each grid point locally in fre-
quency domain about the time change of the scalar data. The ability to retain
information about the phase of the scalar eld is the reason CHEOF is able to
detect propagating signals.
B.4 Decomposition of the complex signal
More conveniently, we could rewrite the decomposition of the data eld U(xj;t)
onto a complex basic functions En(xj) with complex coecientsAn(t)given byAppendix B. Complex EOF and Complex Hilbert EOF Analysis 252
equation B3 using real valued functions.
U(xj;t) =
m X
n=1
Sn(xj)e
in(xj)Rn(t)e
in(t); (B.8)
or, for the original data X(xj;t) which is simply the real part of U(xj;t),
X(xj;t) =
m X
n=1
Rn(t)cos[n   n(xj)]: (B.9)
Four real-valued signals Sn(xj);n(xj);Rn(t);n(t) obtained from the complex
eld describes dierent oscillatory behaviour.
B.5 Spatial amplitude function
Sn(xj) = [En(xj)E

n(xj)]
1=2 (B.10)
This shows the spatial distribution of variability associated with each mode and
may be interpreted as EOF analysis. The spatial distribution gives a measure of
spatial homogeneity in the magnitude of X eld associated with each mode.
B.6 Spatial phase function
n(xj) = arctan

Im(En(xj))
Re(En(xj))

: (B.11)
The spatial phase represents a measure of the relative phase dierence for a
given mode among the various locations where X is dened. The phase varies
continuously between   and , and its derivative is equal to the phase speed of
the propagating signal. The use of atan2 is to get the range from   to , and
that allows direction to be determined.Appendix B. Complex EOF and Complex Hilbert EOF Analysis 253
B.7 Temporal amplitude function
This is a measure of temporal variability in the magnitude associated with a
given mode. It may be interpreted in the same way as the principal component
time series of a standard EOF.
Rn(t) = [An(t)A

n(t)]
1=2 : (B.12)
B.8 Temporal phase function
n(t) = arctan

Im(An(t))
Re(An(t)

: (B.13)
The temporal phase describes the temporal variation of the phase of the nth
eigen mode associated with the periodicities in the X eld. Locally, its deriva-
tive is equal to the frequency of the propagating signal. It varies between  
and . The use of atan2 is to get the range from   to , and that allows direc-
tion to be determined.References
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